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Abstract
This work investigates the development of functional materials by using additive 
manufacturing techniques; specifically digital light processing (DLP) based 
Stereolithography to manufacture micro reactors containing functional materials 
for sensing and actuating devices in a single build. The envisionTEC Perfactory is a 
DLP based Stereolithography machine (addressed as the DLP system) and has the 
ability to manufacture feature size in the micron range with high precision. This 
ability to manufacture small features with high precision is used for the 
manufacture of polymer micro reactors.
Using the DLP system for processing functional composites is a novel approach. 
The DLP system offers high resolution and accurate manufacture of parts. This 
ability to process functional materials will be used for developing devices for 
sensing and actuating applications.
In order to identify the feasibility of manufacturing composite of the DLP system, 
barium titanate (BaTi03) ceramic was added to the photopolymer. The composites 
containing up to 19 vol% BaTiOs as functional material were manufactured by the 
DLP system. Poling these specimens showed a maximum piezoelectric coefficient 
of 5 pC/N, measured at 30 MV/m and 90 °C. Measuring ferroelectric properties of 
these composite specimens showed a maximum remnant and saturation 
polarisation of ±0.041 pC/cm2 and ±0.359 pC/cm2, measured at electric field of 
249.97 kV/cm at room temperature.
As the parts were manufactured in layers; an investigation was undertaken to 
identify the effect of build layer orientation on the mechanical properties. The 
polymer specimens for the XY (horizontal) and the Z (vertical) build direction 
showed strength of 39 MPa and 29 MPa, being achieved in the respective 
specimen.
The DIP system was also employed for developing micro fluidic devices, specifically 
focusing on the development of micro reactors. The polymer based micro reactor 
with 500 pm channels was successfully used as a bioreactor.
This work also investigates the feasibility of the DIP system for developing micro 
reactors and integrating them with functionally active sensing and transducing 
devices, manufactured in a single build. In conclusion, it was verified that it could 
be possible to manufacture micro reactors integrated with functional devices 
manufactured in a single build but the further manufacture will require more 
research. Based on the discussion presented in this work, few proposals are made 
for further continuation of this research.
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Nomenclature
Symbols Description Units
A Cross-section area of the duct mm2
C Capacitance F
c Curing depth pm
D Dielectric displacement C/m2
D Diameter of the duct mm
Dh Hydraulic diameter, m
DP Penetration depth mm
E Electric field V
Ec Critical exposure ms
E, Coercive field strength
E, internal field
Maximum exposure ms
E0 Exposure at resin surface ms
E(t) Time dependent electric field
E° Amplitude of the electric field
E(z) Exposure at a depth z pm
F Uni-axial force N
1 Moment of inertia mm4
Kn Knudsen numbers
L Length of channel mm
NRe Reynolds number
P Wetted perimeter mm
P Pressure MPa
P Polarisation C/m2
P(T) Time dependent polarisation ms
Psat Saturation polarisation C/m2
PS Spontaneous polarisation C/m2
Pr Remnant polarisation C/m2
Q Volume flow rate m3/s
Q Electric charge C
Ra Average Roughness pm
S(i/) Compliance of composite material m3/N
S’u Compliance of ceramic particles m3/l\l
Tan 6 Dielectric loss
V Fluid velocity m/s
Y Modulus of elasticity MPa
d Spacing between the atomic planes in a crystal pm
d Piezoelectric constant pC/N
dmin Minimum characteristics dimension of the channels pC/N
d„ Piezoelectric coefficient pC/N
/ Fanning's friction factor
f' Volume fraction of reinforcing material
k Stiffness N/m
* Length of the beam mm
n Number of poles
v Density of elastic dipoles
N Poisson's ratio
z Depth of resin pm
6 Phase difference of the sinusoidal electric field rad
e Surface roughness pm
£ Permittivity F/m
£0 Permittivity in vacuum F/m
£r Relative permittivity
e' Real part of frequency dependent dielectric constant F/m
e" Imaginary part of frequency dependent dielectric constant F/m
£ Strain
8m,x Maximum deflection in a beam mm
X Wavelength of the monochromatic rays nm
X Molecular free path of the fluid pm
0 Angle formed by the incident ray with the diffraction rad
p Dynamic viscosity Pa.s
uj Angular frequency of the electric field
X Dielectric susceptibility
a Density of fluid kg/m3
aA Average external stress applied on composite material MPa
aM Volume averaged external stress on matrix MPa
o, Volume averaged external stress on reinforcement MPa
o Stress on a crystal MPa
oM Average tensile strength MPa
x
Chapter 1
1.0 Introduction
Current work considers manufacturing of micro reactors integrated with 
functionally active materials by a novel approach of using additive manufacturing 
(AM) techniques. The capability of AM techniques can be used to manufacture 
novel piezoelectric ceramics and composites for sensor and actuator applications 
and at the same time, integrating it with the fabrication of microfluidic devices in a 
single build will be a big step forward.
Scientists and engineers have been attracted to the outstanding properties of 
dielectric materials; these materials are extensively used in semiconducting devices, 
specifically for the fabrication of embedded capacitors for integrated electronic 
devices. Earlier dielectric materials were bonded with polymers, in the form of thin 
films as it was easy to process polymers.
With the emergence of high permittivity dielectric materials, the development of 
devices suitable for high frequency applications were made possible. However, 
materials with high dielectric properties are brittle and require high processing 
temperatures. The properties possessed by these materials have raised great 
interest in functional composites and for fabricating mechanically robust 
components possessing high piezoelectric and ferroelectric properties. Polymers 
were the most preferred choice for the development of functional composites.
The production of chemical reactors often requires a multitude of manufacturing 
operations. Typically, the reactors are large and may operate with hazardous 
materials. Designers therefore use traditional formative manufacturing routes such 
as rolling, forming and extrusion combined with subtractive processes such as 
cutting, grinding, machining, milling etc. to produce a working reactor. Micro 
reactors however are smaller in size and operate at small volume. They are 
therefore for hazardous chemical reactions. In case of failure, the loss of chemical
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is relatively insignificant resulting in a decrease in risk. Compared to conventional 
reactors, high heat and mass transfer rates can also be achieved with close control 
of process variables, delivering higher efficiency and improved yield, particularly if 
these devices are arranged in parallel. This means that they can be effectively used 
for studying new chemical reactions with highly reactive and hazardous reagents. 
For the large-scale production of chemicals, micro reactors can be concatenated to 
form a continuous production unit; enabling scale-up to full production is simple 
and safe.
Additive manufacturing (AM) has revolutionised some aspects of manufacturing, 
particularly prototyping and very low production runs of non-critical components. 
AM is a collection of techniques, following common methodology for 
manufacturing of shaped components. A Computer Aided Design (CAD) model 
representing the physical component is converted into a standard 
Stereolithography (STL) file format that is utilised by manufacturer of all rapid 
prototyping (RP) / rapid manufacturing (RM) machines. This file is analysed and 
sliced into sections. Each slice represents a layer, which is repeatedly deposited to 
obtain finished product by an automatic machine. This is represented schematically 
in Figure 1:
•Deposition of 
Materials in Layers
•Applying Suitable Post 
Processing
•CAD Model
•Checking and 
Preparing Model
•Converting in to 
Machine Readable 
Format
Data
Processing
ManufacturingPart Design
Figure 1: The Basic Sequence for Additive Manufacturing.
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AM has been extensively used in a number of fields including highly complex 
tooling, advanced casting, reverse engineering using digital scanning and to 
improve the part quality. Components manufactured from wax, metals, polymers, 
or a combination of these materials is made possible using AM techniques [1],
There are now a few sectors that utilise AM techniques to contribute to the 
development of new and more sophisticated and customisable products. Examples 
of these include Medical (e.g. surgical or dental implants & prostheses)[2], 
Jewellery [3], Consumer Goods (e.g. personalised footwear, especially for 
athletes)[4], Automotive [5] and Aeronautical [6]. In addition, contribution by AM 
techniques for humanitarian efforts performing reconstructive surgeries is well 
documented [7].
AM of chemical micro reactors may be an alternative process capable of delivering 
high product quality, consistency and repeatability of highly complex designs. 
Manufacturing using functional materials may be used for sensing and actuation 
applications. Integration of these sensors and actuators with a micro reactor will 
result in a smart micro reactor. However, exploring the literature suggests AM 
techniques can result in tangible micro reactors containing functional devices, 
although this has not yet been achieved.
The capability of AM techniques to manufacture 3D components building the part 
in a layer-wise manner without using molds, dies, or hard tooling can be used to 
manufacture novel piezoelectric ceramics and composites for sensor and actuator 
applications and at the same time, offering high resolution and high precision by 
AM techniques for fabrication of microfluidic devices.
This work, aims therefore to identify the suitability of AM techniques, specifically 
digital light Processing (DIP) based Stereolithography for the fabrication of micro 
reactors. The research further continues to explore a novel approach to identify 
the feasibility of AM for the development of functional composites.
3
In the current work, various aspects of manufacturing of functional composites 
along with characterising their piezoelectric and ferroelectric properties has been 
explored to develop sensing and actuating devices. It continues further to identify 
the suitability of AM techniques for fabrication of polymer micro reactors.
Chapter two contains a literature review for the current research work presenting 
the theory of dielectric, piezoelectricity and ferroelectricity along with discussion of 
the various manufacturing routes. It further continues to review the mechanical 
and electric behaviour of the composite materials. An overview of micro fluidic 
devices and micro electromechanical systems followed by AM techniques are also 
presented.
Chapter three considers the material aspects of polymers and ceramic material 
used here. AM techniques used for the specimen fabrication is discussed in detail. 
The properties of barium titanate and poly methyl methacrylate (PMMA) along with 
all the apparatus and techniques used in the investigation are also presented.
Chapter four presents the various reactor designs and the methods adopted to 
improve surface finish of micro reactors. The experimental setup for cell culture 
applications is discussed. In order to reduce the effect of surface roughness that 
may cause change in fluid behaviour, specimens varying layer thicknesses were 
manufactured and examined. An adaptive slicing algorithm was developed with the 
purpose of reducing the surface roughness and improving quality of the built 
components. Results from the application of this algorithm are also described.
Chapter five discusses the development of functional composites by DLP. Here, a 
conventional route was initially used to manufacture the composites identifying the 
challenges that may occur during the development of active material by DLP. 
Subsequently, the ceramic - polymer composites with various loads were 
developed on the DLP system by identifying build parameters as adding 
piezoelectric ceramics to standard R5 polymer was found to influence standard 
parameters. The material developed by DLP was examined for the influence of the 
build layer orientation on the mechanical properties and the build resolution for
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the polymer alone and ceramic - polymer composite specimens. These composites 
developed by DLP were also examined for functional activation. The composite 
material was poled and piezoelectric coefficient d33 was measured for different 
values of temperature and electric fields. Ferroelectric properties and change in 
capacitance of composites as a function of frequency is also reported.
Finally, Chapter six details the outcome of this effort and proposes future work.
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Chapter 2
2.0 Background
The current research aims to manufacture of micro reactor containing functional 
materials by using novel route of additive manufacturing. In order to fulfil this aim, 
a literature survey was undertaken and presented in various sections outlining 
various disciplines such as the theory of dielectrics, methods of polarisation, 
processing routes, mechanical and electrical properties of the functional 
composites, specifically focusing on the barium titanate ceramic. It further 
continues to discuss the micro fluidic device and micro electromechanical systems 
(MEMS), followed by a background on AM techniques.
2.1 Dielectrics
Dielectrically active materials are extensively used in the production of non-volatiie 
memory and micro electromechanical systems (MEMS). They are poor conductors 
of electricity, but posses an efficient electrostatic field. The dielectric material is 
usually described in terms of dielectric strength, which is measured by an 
uncontrolled current flowing through the material, when a field is applied. Earlier 
design of capacitor was using thin films of low permittivity dielectric material 
impregnated with papers and polymers. Although performance of dielectric 
materials has improved, there are still many challenges associated with them 
typically polarisation fatigue, ageing, electrical and frequency dependent 
properties.
2.1.1 Properties of Dielectrics
The capacitance of parallel plate capacitors, consisting of two parallel plates 
separated by a fixed distance is given by:
C = £A/d (2.1)
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Where A is the area of the plates, d is the distance between the plates and e is the 
permittivity of the material between the plates. The permittivity £ is the product of 
relative permittivity £r (or dielectric constant K) and absolute permittivity eq. Hence, 
the permittivity of a material can be expressed as [11]:
£ = £r£0 (2.2)
The permittivity of a vacuum, usually denoted as £o is given as:
£0 = 8.85xl0“12 farads / metre or £0 = — xl0“9 m.k.s. units (2.3)u u 3671
The charge is stored in the capacitor or a dielectric and has a real (in phase) 
component s' and an imaginary (out of phase) component s" caused by resistive 
leakage or dielectric absorption. The dielectric constant is expressed as:
£r — s' + jz" (2.4)
The charge stored in the capacitor is converted to heat and is generally expressed 
as D, the dissipation factor or dielectric loss tan 6, expressed as the ratio of 
imaginary phase e" to the real phase components e\
The permittivity or dielectric constant is an important material property, it is 
independent of field strength, but strongly dependent on the frequency of the 
alternating electric field, temperature, density, pressure and the chemical 
composition of the material.
The dielectric loss is generally considered to be a factor indicating the quality of 
capacitance devices. Although the acceptable dielectric factor is based on a 
particular dielectric material and its application, high dielectric loss is usually 
undesirable in most applications due to generation of heat. The high dissipation 
however can be used as a suppression mechanism for absorption of high frequency 
energy in combination with high resistivity [12].
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2.1,2 Piezoelectricity
Pierre and Jacques Curie discovered piezoelectricity in 1880 [13]. "Piezo" from the 
Greek word meaning pressure and as the name suggests, piezoelectricity is the 
ability of certain crystalline materials to develop electric polarisation in proportion 
to an applied mechanical stress. Piezoelectric materials can be ceramics, liquid 
crystals or polymers. The external mechanical stress applied to these materials 
causes the development of internal dielectric displacement. The internal dielectric 
displacement manifests itself either as surface electric charge of opposite sign or an 
internal electric polarisation. Lipmann's theory later predicted the converse effect 
of piezoelectricity by the application of thermodynamics [14].
The Piezoelectric effect is derived from the symmetry of the crystal. Crystals can be 
categorised into 32 classes based on their geometric nature [13]. If the class of 
crystals is symmetric with respect to a point, it is centrosymmetrical. 11 crystal 
classes are centrosymmetrical and cannot be polarised. The remaining are non- 
centrosymmetric, but only 20 exhibit piezoelectric behaviour. 10 of this non- 
centrosymmetrical class have polar axes even if unstrained; hence, they exhibit a 
spontaneous dipole or polarity. Since these are already piezoelectric, they do not 
need poling, [13]. The presence of a spontaneous electrical moment in a specific 
crystalline direction can be altered by the application of an external alternating 
current (AC) electric field. These materials are known as ferroelectric materials.
Applying mechanical stress to a piezoelectric crystal, shifts negative and positive 
charges within the unit cell of the crystal. This shift in positive and negative charges 
forms an internal dipoie giving the crystal polarity. The polarity can be either 
permanently or temporarily imparted by applying an external direct current (DC) 
electric field in a process known as "poling" [15].
The dipolar arrangement in the piezoelectric material may be oriented in such a 
way that they collectively compensate the net dipole moment. The application of 
pressure along one of the directions results the formation of aligned dipole. The
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net dipole will however remain unchanged or zero if uniform pressure is applied on 
all the surfaces of the crystal.
Polycrystalline materials may have electrical dipoles arranged in random 
orientations so that the net dipole of the material is zero. The application of an 
external stress o to the material aligns the dipoles so that they are parallel to the 
strain, shown in Figure 2. If "n" is the number of poles per unit volume of dipoles, 
the equivalent strain S and polarisation P can be given as [16]:
S = nv (2.5)
P = np (2.6)
Where p is the density of electric dipoles and v is the density of elastic dipoles.
5=0, P=0 S=nV, P=np
Figure 2: Orientation of Electrical Dipoles (a) Pre and (b) Post-Poling or Deformation
If the positively and negatively charged particles in a material are symmetric to the 
central axis, the net charge will be zero. However, an exposure to an external 
electric field E, an internal field E, is induced in every particle and is proportional to 
the external electrical field. In the case of conductors, the net dipoles remain at 
equilibrium due to displacement of particles where as for insulators; small 
displacement of electrons relative to the nuclei induces a shift in positively and 
negatively charged particles. This displacement is proportional to the external
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electrical field. However, the electrons in insulators remains bound to the nuclei 
hence limiting their displacement.
2.1.3 Polarisation
Applying an electric field on the piezoelectric material leads to a dielectric 
displacement of positive and negative charges in an atom, ion or molecule, 
resulting in polarisation. The dielectric displacement can therefore be expressed in 
terms of polarisation as [16]:
D — £qE + P (2.7)
or in terms of dielectric material as, D = £'£0 E+P. Rearranging Equation 2.7 in terms 
of P gives:
P = £0(e' - 1)E (2.8)
Polarisation is therefore linearly proportional to the applied DC electrical field [15]
P = XEqE (2-9)
where x is called dielectric susceptibility, which is dependent on the temperature, 
pressure and composition of dielectric material, which can derive [17]:
£> = £■ + 47rP (2.10.a)
and therefore, D = (1 + 4nx)E (2.10.b)
giving D — eE (2.10.C)
At high field intensities, the above proportionality dependence is not valid [17]. 
However, this can be corrected by the addition of E3 to Equation 2.9.
P = XE + ?E3 Or (2.11.a)
P = XE + 2;EE2 (2.11.b)
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Where ^is the fourth order tensor. The additional terms can be generated under 
intense optical irradiation and gives rise to non-linear optics.
In practice, the existence of perfect isotropy is not possible. Hence, the above 
expressions are valid only under ideal circumstances. For anisotropic materials, the 
scalar susceptibility x in Equation 2.9 along with the permittivity £ is replaced with a 
tensor as [18]
Dx “ £iiEx T- £i2Ey + £13Ez (2.12.a)
Dy = £2iEx + £22 Ey + £23 Ez (2.12.b)
= £3lEx + £32 Ey + £33EZ (2.12.c)
Or, in terms of vectors
^ = |£2| (2.13)
» = jo2j (2.14)
Figure 3 shows the coordinate axes used in Equation 2.12. Equation 2.12 can be 
further generalised as:
D = £ F
Where m and n are the size of the matrix.
(2-15)
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Figure 3: Piezoelectric Cube Indicating The Coordinate Axes.
Stress "o" applied on a crystal causes proportional strain "S". The modulus of 
elasticity Y (Y considered in derivation to differentiate from electric Field E) can 
then be related as [18]:
S = io (2.16.a)
S = co (2.16.b)
Where c is the compliance. For piezoelectric materials, in additional to this 
mechanical behaviour, an electric charge is created by the applied stress o. This is 
known as the direct piezoelectric effect. The dielectric displacement D 
(Coulombs/square meter, C/m2) produced by the applied stress o can be written as 
[18]:
D = Q/A = ad (2.17)
Where Q is the charge, A is the area and d is piezoelectric constant expressed in 
Coulombs/Newton (C/N). However, the application of an electric field E to the 
crystalline material produces a strain e of proportionate magnitude. This converse 
piezoelectric effect is expressed as [18]:
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D = dE (2.18)
The strain experienced by the crystal surface can be tensile or compressive, 
depending on the direction of applied electric field. For a piezoelectric material, a 
mechanical stress a and an electrical field E will both contribute to the charge 
displacement D introduced in the crystal structure. Combining Equation 2.16 and 
2.18 can be combined:
S=^+dE (2.19)
Equation 2.19 can be expressed in terms of compliance "c" as:
S = co + dE (2.20)
Strain from Equation 2.16.b expressed, as vectors will be
fsll rcll C12 C13 C14 c15 c16 >
S2 C21 C22 C23 C24 C25 C26
S3 C31 C32 C33 C34 c35 C36 <*3
IS ► = <1 C41 c42 c43 C44 c45 C46 a4
S5 C51 C52 C53 C54 c55 C56 ^5
vS6> ^C61 C62 C63 C64 c65 c66^
Or Sjj — Cijk[Okj (2.22)
Coupling between the electrical and mechanical variables can be expressed in 
above expression for three-dimensional constitutive relationships. Typically, nine 
states of strain are related to three applied electric fields as:
Si, = DijnEn (2.23)
Similarly, three terms for the electrical displacement are related to a mechanical 
stress through:
Dm — Dmklakl (2.24)
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Combining Equation 2.15, 2.22, 2.23 and 2.24, an equation comprising ail 
components of a linear piezoelectric material can be written as:
— Cijkl^kl + DijnEn (2.25)
i DjnkiCTki + Cmn^n (2.26)
In practice, the piezoelectric effect is obtained by inducing polarisation. Hence, the 
dipoles in a piezoelectric material are aligned through the application of a strong 
external electric field (Figure 4). The piezoelectric sample is either placed in a 
vacuum, submerged in an insulating fluid or in open air to ensure that the contact 
does not reach the edge of the sample and avoids arcing or an electrical breakdown 
as arcing across the specimens may permanently damage it [19]. The electrodes 
can be formed by evaporation, sputter coating or the application of conducting 
paint.
Variable surface contact at the sample may lead to local discharges, a dielectric 
breakdown or an inhomogeneity in the poling field and hence care must be taken 
while forming electrodes [20]. The probability of dielectric' breakdown also 
increases when a high voltage is applied for a prolonged period of time or in a 
damp atmosphere.
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Electrode
Piezoelectric Material
Electrode
Figure 4: Schematic of Direct Electrode Poling System [20].
Figure 5 is a schematic outline of an alternative technique to direct electrode poling 
known as corona poling that can be used for polarisation. Here, a surface is placed 
on a heated plate with its lower surface connected to earth [21]. A needle or blade 
corona tip is suspended above the sample and 8 - 10 kV voltage is applied. The dry 
air at the tip is ionised due to the electric fields and ionised particles are 
accelerated towards the ground in a corona discharge. The ionised particles are 
deposited on the surface to an extent dependant on the magnitude of the field at 
the surface. A metallic grid is placed between corona source and the piezoelectric 
material. The grid is usually placed 3 - 4 mm from the material surface with voltage 
varying from 0.2 - 3 kV.
Corona poling is mostly used for thin films or poling large samples. However, it has 
a considerably more complex process for setup and is more difficult to optimise 
than the direct electrode method [21].
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Corona Voltage source
Corona Tip
Grid Grid Voltage source
Piezoelectric Material
Earth Electrode
Heating Plate
Figure 5: Schematic of Corona Poling System [21J.
2.1.4 Ferroelectricity
Ten non-centrosymmetric crystals possesses spontaneous polarisation without 
transition to a separate phase [13]. These materials, known as ferroelectric 
materials are polar in nature, possessing at least two equilibrium orientations of the 
spontaneous polarisation vector. The spontaneous polarisation possessed by the 
ferroelectric material is not always aligned along the same direction. The directions 
of the permanent polarisation in these materials can be altered by an external 
electric field of sufficient intensity. This phenomenon is known as ferroelectricity.
Most ferroelectric materials undergo structural phase transition from a high 
temperature nonferroelectric (or paraelectric) phase to low temperature 
ferroelectric phase. Most of the crystals used for ferroelectric characterisation 
have perovskite crystal structure, such as barium titanate, lead titanate, potassium
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niobates and so on [22]. In the case of barium titanate, transitions are observed 
from the paraelectric cubic structure to tetragonal structure. These transitions 
occur at Curie point, Tc. The dielectric permittivity falls above Curie point, following 
Curie- Weiss law. Although barium titanate undergoes a number of transitions 
from high temperature to low temperature, only the first transition from 
paraelectric to ferroelectric phase is called the Curie point. During the phase 
change, the crystal structure undergoes strain resulting in transition. This strain is 
associated with spontaneous polarisation resulting from phase transition.
During the transition at the Curie point, the crystal has equal probability of 
spontaneous polarisation in any direction. The direction of polarisation in a 
ferroelectric will be governed by the mechanical and electrical boundary conditions. 
Crystals with uniformly oriented polarisation are called domains. The onset of 
spontaneous polarisation may lead to the formation of charge at the surface. This 
surface charge produces an electric field, know as the depolarisation field Ed, which 
is oriented in the opposite direction to the spontaneous polarisation. The 
depolarisation field may result in a non-uniform distribution of spontaneous 
polarisation [23].
The dipole moment in a spontaneously polarised material is also a function of 
temperature [24]. On change in temperature, charges flow to and from the surface 
to adjust to the new value of the dielectric polarisation. This temperature 
dependent spontaneous polarisation of a dielectric is called the pyro-electric effect. 
The direction of the spontaneous polarisation can only be reversed by the 
application of a strong electrical field. In ferroelectric materials, a sub-group of 
pyroelectric materials, this leads to the reorientation of the domains in the 
direction of the field [25]. If the material is ferroelectric, a field can reverse the 
direction of the polarisation in the domain. This ability to switch the domain results 
in the occurrence of a hysteresis loop in ferroelectric materials [23].
A typical ferroelectric curve (Figure 6) follows the hysteresis loop, starting from the 
origin for un-poled materials. The domains align in the positive direction with 
increasing electric field E, leading to gradual increases in polarisation following the
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path OAB on the graph. Increasing the electric field beyond point B shows a 
stagnant polarisation, leading to an almost flat response curve from B to C. The 
ferroelectric material therefore reaches saturation polarisation PSat (C). The 
saturation polarisation does not completely collapse on removal of the electric 
field. If the electric field is reduced across the ceramic material, the polarisation 
gradually reduces following the path represented by CBD. Spontaneous 
polarisation Ps (OE) for ferroelectric ceramics is obtained by extrapolating the 
polarisation at high fields PSat (CB) back to zero field along the tangent. The material 
possess some polarisation, even when the electric field is completely removed, this 
is known as remnant polarisation Pr, indicated as point D on the curve [26].
The remnant polarisation can be nullified by an application of a reverse electric 
field. This reversed electric field is known as the coercive field strength EC' and its 
magnitude is equivalent to the distance OF on the hysteresis curve. Increasing the 
reverse (-ve) electric field results in the reverse saturation to G on the curve. The 
direction of polarisation flips if the field is increased further to a high negative 
value; hence, a hysteresis loop is obtained. An increase in Ps is also observed when 
the temperature is decreased, crossing the Curie point and reaching saturation at 
low temperature. The coercive field Ec- (OF) on the hysteresis loop is influenced by 
temperature, applied frequency and the waveform of the applied voltage [27].
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Figure 6: Typical Hysteresis Loop for Ferroelectric Materials [26].
Unlike polarisation caused by a time - independent electric field where equilibrium 
with an external electric field may be reached, polarisation by a periodic electric 
field may never reach equilibrium. If E(t) is the time dependent electric field and 
P(T) is the polarisation: a linear, isotropic dielectric material follows Equation 2.9, 
rewritten for the time dependent variable [17]:
P(t) = XE(t) (2.27)
Similarly, Equation 2.10.C can be restated as:
D(t) = £E(t) (2.28)
If the time dependent electric field varies sinusoidally:
E(t) = E° cos((jL>t) (2.29)
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Where E° is the amplitude and u) is the angular frequency of the sinusoidal variation 
[17]. The dielectric displacement for linear, isotropic systems lags behind the 
electric field by a phase difference 6, expressed as [17]:
D(t) = D° cos(a)t - 5) (2.30)
Where D° is the amplitude of the sinusoidal vibration. Change in the frequency of 
the applied field simultaneously changes to phase difference 6, with 6 becoming 
zero as w approaches 0. Splitting the dielectric displacement into two sinusoidal 
varying parts having a phase difference of n/2:
D(t) — D° cos 6 cos <ot + D° sin 6 sin cot (2.31) or
D(t) = e'E0 cos cot + e^E0 sin cot (2.32)
Where Cos 6{co) = e'(co) E°/D0; and Sin 6(co) = e"(co) E0/D°.
The above Equation 2.32 replaces the amplitude of the dielectric displacement D°
with e' and e" and phase difference 6. The magnitude and direction of the
amplitude of sinusoidal vibration can be computed from Equation 2.48 as:
D° = E°V e'2 + £//2 and (2.33)
o E"tan o = —£/ (2.34)
For a time-independent or static electric field with zero frequency, Equation 2.32 
reduces to:
D(t) = £'(0)E° (2.35)
s' is termed the frequency dependent dielectric constant; e"(w) determines the 
displacement D(t) with a phase difference of ti/2 with respect to E(t), and is known 
as the loss factor. At low frequency, e'(u)) is equal to the static dielectric constant e 
and e"(u)) is almost zero. Increasing frequency slowly reduces e'(u}) initially
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followed by sharp decrease in s'(ii)) at higher frequency. £"(u)) shows a peak where 
£'((a)) changes (Figure 7).
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Figure 7: Typical Frequency Response Curve for Real and Complex Part of Dielectric Loss
Function.
2.1.5 Mechanisms of Polarisation
Various mechanisms of polarisation are described in the literature [11]. The net 
polarisation in a dielectric material will be resultant of each of these mechanisms. 
When a frequency of the visible light falling on the dielectric material is equal to or 
higher than the natural frequency of the electrons, a dipole moment is formed by 
the displacement of the electrons in an atom. This mechanism of polarisation is 
known as an optical or electronic polarisation.
In case of diatomic molecules, dipole moment is formed between interacting atoms 
leading to a distribution of electrons between the interacting atoms. The 
distribution of electrons for large non-identical molecule has large dipole moment 
causing polarity. Under the influence of an applied field, a polar material may alter 
the distance between the electron distribution resulting in atomic polarisation. 
However, if the molecule rotates itself to align with the applied field, the 
polarisation is caused by orientational polarisation.
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Sometimes defects in the crystals create localised accumulation of charges, when 
the external field is applied. The polarisation caused by this method is called 
interfacial polarisation.
2.1.6 Properties of Barium Titanate
Wul and Goldman discovered barium titanate (BaTiOs) in 1945 [28]. It has a classic 
ABO3 centrosymmetric cubic perovskite structure above 120 °C. BaTi03 can be 
viewed as a cube with Ba ion located in the corners of the cube, the Ti ion is located 
at the body centre and the oxygen at the face centre forming an octahedral around 
each Ti ion as shown in Figure 8a [29]. Alternately, Figure 8b shows the structure as 
a three-dimensional network of Ti06 sharing the corner of an octahedron, arranged 
in a simple cubic pattern. In each octahedron, the oxygen ions at the apices are 
shared with the neighbouring octahedron and the Ti ion is located at the centre of 
each octahedron. The Ba ion occupies the space formed between the eight 
neighbouring octahedron.
The most common method to prepare BaTi03 is by the reaction of BaC03 and Ti02, 
carried out at 1350 °C [30]. Barium titanate is initially formed in the air, at the grain 
boundary of BaC03 - Ti02 with further reaction progressing due to diffusion. The 
reaction of BaC03 with Ti02 initially forms Ba2TiC>4 until all BaC03 is utilised. 
However, an incomplete mixing of BaC03 and Ti02 results in the formation of 
Ba2Ti04 and BaTiaO?. For the reaction temperature below 1100 °C, the reaction is 
inhibited by formation of C02. It can also be prepared by other non-conventional 
methods like sol - gel [31], citrates and polymeric precursor methods [32].
The phase diagram of BaTi03 shows a hexagonal structure above 1460 °C, whereas 
at lower temperature it shows a stable cubic or equivalent structure [24][33]. The 
occurrence of a hexagonal phase in a ceramic crystal could be due to impurity or 
disequilibrium in the system at room temperature.
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Figure 8: Simple Cubic Perovskite Structure of Barium Titanate.
Merz [34] carried out extensive investigations on the single crystal of BaTi03 
showing that the dielectric constant measured along the a-axis and c-axis are 
similar above Curie point of 120 °C. Below the Curie temperature, the cubic 
structure becomes tetragonal with a similar shifts being observed at 0 °C and -80 °C 
where the crystal structure changes from tetragonal to orthorhombic and further to 
rhombohedral structure, respectively (Figure 9) [35]. During these transition 
temperatures, the structural distortion of the atoms in BaTiOs is highly correlated in 
neighbouring cells [36]. The formation of multi domains is also reported at lower 
transformation points, although domain size is reported to be smaller than 
observed for the tetragonal phase [37].
Spontaneous polarisation by applying a modified Sawyer and Tower method 
showed an immediate rise in polarisation at a temperature just below 120 °C which 
remains constant to almost 0 °C [34]. A sudden fall in polarisation was observed at 
0 °C and -80 °C due to formation of multiple domains. The piezoelectric coefficient 
of the BaTi03 ceramic increases along with temperature until the Curie temperature 
degrades the piezoelectric property and destroys the poling effect. Alternately, the 
piezoelectric effect for amorphous (crystallinity < 0.1%) BaTiOs layer deposited at a 
rate of 2 - 5 mm/h through the temperature gradient has been reported to 
originate due to spatial distribution of the non - centrosymmetric ion [38].
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Figure 9: Temperature Dependent Cell Parameters of BaTI03 Crystals [27].
The thermal expansion coefficient for an un-poled single BaTi03 crystal is 
dependent on the lattice constant of each phase varying with the temperature, as 
given below for each phase [39]:
Lattice Structure
Rhombohedral
Orthorhombic
Tetragonal
Cubic
Thermal Expansion Coefficient 
5.2 x 10 6 / °C 
4.6 x 10'6 / °C 
6.5 x 10'6 / °C 
9.8 x 10 6 / °C
Thermal expansion coefficient and hydrostatic pressure data available in the 
literature verifies larger volume of orthorhombic phase than tetragonal phase [37]. 
As the thermal expansion coefficient is expected to increase at elevated 
temperatures, piezoelectric ceramics are prone to thermal shock damage while 
cooling.
Although a Curie temperature of 120 °C has been widely reported, changes in the 
Curie temperature with changing pressure applied to a piezoelectric crystal has also 
been reported in the literature [40]. For BaTi03 single crystals, a hydrostatic 
pressure of up to 2.4 x 108 N/m2 causes a linear decrease in the curie point with a 
slope -5.71 x 108 °C/(N/m2). However, application of two-dimensional pressure in
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the plane perpendicular to the polar axis of the crystal results in increase of Curie 
point with a slope of 3 x 10s °C/(N/m2).
The behaviour of dielectric constant and dielectric loss of unpoied BaTiOs in Figure 
10 shows reducing dielectric constant with increasing frequency, whereas the 
dielectric loss is higher at high frequency. Both, the dielectric constant and 
dielectric loss increases sharply at the Curie point reducing again at temperature in 
excess of the Curie point, although this behaviour was not visible in a dielectric loss 
at low frequency [24].
BaTiOs ceramic powder with a particle size below 10 pm was studied for dielectric 
properties. Pressed and unsintered powder shows non-linearity in the dielectric 
constant due to water vapour adsorbed on the surface of the particles [37]. This 
non-linearity was observed for a temperature range of 30 - 170 °C. The dielectric 
constant linearly increases from 30 - 90 °C and fall rapidly until 120 °C. Fall in 
dielectric constant continues until 170 °C, rather gradually. However, the linear 
behaviour was observed on removal of an adsorbed surface layer. The ferroelectric 
effect was observed to be absent in small particles and appearing only in the larger 
sized particles.
25
v 3000
•■P
« 2000 1 kHz
Dielectric constant —
3 GHz
3 GHz
Loss Tangent
1 kHz
Temperature, in °C
Figure 10: Relative Dielectric Constant and Loss Tangent for Unpoled Barium Titanate
[24].
Figure 11 shows the tertagonility of BaTi03 for different particles sizes, measured at 
25 °C. For particle sizes smaller than 5 pm, a gradual reduction in the tetragonal 
deformation in fine grain BaTiOa was observed. The tetragonal phase of BaTi03 
may continue to exist at temperatures in excess of 500 °C [24][41-43]. A dielectric 
constant of 5000 measured for 0.7 pm to 1.0 pm particles of BaTi03 ceramics below 
the Curie point has been reported [44]. However, this dielectric constant reduces 
significantly due to phase transformation to tetragonal to pseudo cubic the particle 
sizes below 0.7 pm [45]. This transformation of cubic to nonferroelectric structure 
in nano-polycrystalline BaTi03 is caused by structural defects, absence of long- 
range cooperative interactions, possibility of depolarisation effect and elastic 
constrains [46].
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Figure 11: Plot Showing Restricted Tetragonility of BaTi03 for Different Particle Size
Measured at 25 °C [41 ].
The dielectric constant of BaTi03 is strongly influenced by the grain size [47]. If the 
grain size is smaller than 2 nm, the dielectric constant was found to be greatly 
decreased. The thin films of BaTi03 have a cubic symmetry at room temperature 
and show low values of dielectric permittivity (e = 60 - 200). This grain size effect 
could be a result of 90° domain walls and small size domains are formed due to 
internal stresses. In similar work, high temperature sintering usually forms the 
large grain size in BaTi03 ceramic [48]. Sintering temperature of 1050 °C and 1250 
°C for the specimen preparation shows a grain size of 1.8 pm and 4.6 pm, 
respectively [47]. Higher piezoelectric coefficient and lower dielectric loss was 
observed for the higher grain size specimens, when compared to lower grain size 
specimens [49].
2.1.7 Processing of Functional Materials
Processing of dielectric materials depends on the nature of material. The 
processing techniques vary for solid such as perovskite - structured ceramics 
powder or liquid polymers such as vinyl difluoride (VDF) and its copolymer. Most of 
the work for characterisation of dielectric composites confirms the typical 
manufacturing route for the ceramic powder and the liquid polymer by uniform
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mixing, followed by high pressure and high temperature sintering [50]. This process 
route is similar to that for the manufacturing of ordinary particulate composites 
where high-density and increased connectivity in the composites are achieved by 
the application of pressure in the mould.
A completely different processing route is required for the fabrication of thin film 
functional materials, hence vapour deposition, physical and chemical vapour 
deposition; and solution deposition methods are used [51]. The vapour deposition 
methods offer uniform deposition of the material but do not have stoichiometric 
control. The solution deposition allows improved stoichiometric control but is not 
appropriate for uniform deposition.
Sol gel methods [52-54] can also be used for the manufacture of functional 
composites allowing for improved control of the stoichiometry at low crystallisation 
temperature. This results in the controlled powder morphology and sub-micron 
range ceramic grains allowing the production of nano-composites.
The dielectric materials in the composite are usually combined with other material 
by bonding. They can be viewed as intermediate combination between two 
extreme materials, one giving flexibility, formability, mechanical strength and the 
other piezoelectric and ferroelectric properties. The properties of these composites 
will be based on the processing method used while manufacturing and the 
properties of each of the individual components.
Electronic devices working at high frequency require high mechanical properties 
combined with high dielectric properties and ease of processing. Use of polymers, 
as a binder becomes an obvious choice due to their easy processing for the 
formation of a high dielectric constant material. It is difficult however to achieve 
the unique combination of mechanical and dielectric properties as polymers exhibit 
low dielectric constant and electro active ceramics are brittle and require high 
temperature processing. This reduces the compatibility of the ceramic polymer 
combination for electronic applications. Processing high dielectric constant
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polymer having robust mechanical properties can be used in combination with 
ceramics for achieving an ideal composite.
BaTiOa has excellent dielectric properties but have poor mechanical properties. 
They are often therefore combined with other materials to improve their 
mechanical properties. BaTiOa is hard and undergoes brittle failure where as 
polyvinyl difluoride (PVDF) and its copolymer, possess high ductility. Most of these 
materials are utilised in combination with other materials in the form of a 
functional composite by a either physical method, chemical method or a 
combination of both [55].
Composites including ferroelectric material such as BaTiOa in a polymer matrix form 
electrical stress controlled materials for alternating current (AC) applications. 
These composites exhibit electric field dependent permittivity characteristics. 
Spontaneous alignment of domains due to the application of an electrical field 
achieves enhanced polarisation.
In practice, ceramic - polymer composites are fabricated by mixing molten polymer 
with a ceramic, followed by cooling [56]. In this case, the particles are randomly 
arranged, but in contact with other particles, a maximum density of 0.6 is reached 
depending on the particle shape. There is a limit to the amount if particle that can 
be introduced into the polymer. An attempt to increase ceramic content in the 
composite will increase the porosity resulting in decreasing electric field 
distribution, lowering of the dielectric constant and an early dielectric breakdown.
As discussed earlier, the mechanical and electrical behaviour of functional 
composites are based on the physical properties and compatibility of the materials 
involved [57]. This, however, may not be true for electrical or magnetic properties. 
Composites are designed to achieve a specific desired property requiring the 
correct connectivity pattern and an appropriate manufacturing process capable of 
achieving it. These patterns are ultimately reflected in the behaviour of the 
composite. A two-phase (diphasic) system is used to define the connectivity in 
composites exhibiting multi-interfacial connectivity [58-59]. The continuity of each
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phase could be in either zero, one, two or three dimensions. Composites can be 
described as (0-0), (0-1), (0-2), (0-3), (1-1), (1-2), (2-2) and so on. The first digit 
refers to the degree of freedom the active phase possess, while the second digit 
represents the inactive phase. Figure 12 below explains a few examples of this 
identification system.
1-3
Figure 12: Classification System Explaining Connectivity Pattern for Composites [58].
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Fabrication of composites containing filler particles embedded in the matrix 
requires a simple procedure of mixing followed by pressing and drying at the 
softening temperatures. These composites usually have 0-3 connectivity and often 
suffer from poor particle distribution in the polymer, poor adhesion of components 
phases and entrapped air.
2.1.8 Dielectric Behaviour of Functional Materials
Dielectric properties of composites are influenced by the connectivity of the 
materials used to produce them [60]. Manufacture of ceramic polymer composites 
requires selection of correct materials and processing methods, enabling the best 
possible combination of mechanical and electrical properties. Connectivity in a 
functional material is crucial in determining the electrical behaviour, such as the 
effect of frequency on resonance, the interfacial effect between the filler and the 
matrix, and effect of porosity [61]. Matching electrical and mechanical properties 
in particulate composites requires proper consideration, as it is difficult to orient a 
randomly distributed ceramic grain during polarisation in high resistivity, low 
permittivity of polymer matrix without triggering electrical breakdown.
Connectivity in a composite material mostly containing two components is 
represented by the two digits system [58]. The connectivity system however 
becomes confusing for high-density composites as the volume of the filler exceeds 
the volume of the matrix, therefore contradicting the definition of the filler and the 
matrix based on the classification system.
Based on the properties of the constituent materials, the interference volume 
fraction and the type of connectivity, various mathematical models are proposed 
for predicting the dielectric properties of composites. The models proposed for 
calculation of piezoelectric properties are based on parallel and series connectivity. 
Composites having a parallel connectivity show superior properties compared to 
series connectivity [62]. The ceramic particles in a composite are typically a 
combination of series and parallel connectivity. The analytical models for the 
prediction of macroscopic properties have established the connectivity in the
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components is crucial for the correct functional behaviour [63-65]. The reliability of 
the predicted behaviour requires knowledge of structural complexities and shape of 
the filler material.
The complex relative permittivity, both real (e7) and imaginary (e") parts of the 
dielectric constant, is an outcome of the combination of two different materials, 
along with internal geometry and strength of the electric field [66]. Increase in 
both the real and imaginary dielectric permittivity is apparent with increasing 
ceramic volume fraction. However, packing efficiencies in the composite limit the 
ultimate performance attained. Colloidal processing of ceramic particles followed 
by drying may improve the filling function and hence the dielectric constant.
The dielectric properties of a ceramic-epoxy composite were studied with varying 
loads of BaTiOs in an epoxy matrix [67]. It was showed that the level of BaTiOa in 
the epoxy resin influences the permittivity of the resultant functional composite. 
Processing high viscosity polymers to manufacture composites is difficult and 
usually diluted epoxy is used to increase the BaTiOs content resulting in increased 
permittivity. The increase in permittivity was also confirmed by Vrejoiu [68]. Here 
a direct deposition of 0 - 3 connectivity material was achieved by direct deposition 
by spin-coating BaTiOa particles dispersed in the diluted polymer on different 
substrates.
The dielectric properties of the BaTi03 crystal are influenced by the presence of 
impurities. The impurities are sometimes intentionally induced in the material, 
aiming to increase the dielectric properties of functional composites. Park [69] 
studied the dielectric properties of nickel (Ni) coated BaTiOs - polymer composite 
for 40 % and 50% volume loading. BaTiOs powder of about 500 nm particle size 
was mixed in a nickel ion-containing solution and dried on a heating plate followed 
by heat treatment at 900 °C. The doped BaTiOs particles were then mixed with a 
epoxy resin and pressure sintered to form a disk. Although the process failed to 
completely dope the particles, the dielectric constant measured at a frequency of 1 
MHz increased significantly up to 40% volume fraction. The dielectric constant at 
50% volume fraction was lower due to irregular connectivity in the polymer and the
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presence of voids. Dielectric loss reduced with an increase in particle content in the 
composite by almost 40% when measured at a frequency of 1.0 MHz [70].
Increasing the ceramic load in the composite increases the dielectric permittivity, 
particularly for a composite containing larger particle sizes [50]. BaTi03 - polymer 
manufactured by mixing, followed by compression moulding at 130 °C were 
measured at 25 °C and 104 Hz frequency shows higher values in large particle size 
containing composite specimens than small particle size composites. The relative 
permittivity also increases with increasing the ceramic particle content. However, 
clear relaxation was observed for large size (1.33 pm) ceramic composites [71]. For 
the small size (0.19 pm) ceramic composites, a shift in the relaxation frequency was 
observed, attributing to the modulated domain structure.
The distribution of particles cannot be perfectly uniform in the matrix. Although 
isotropic particles are embedded in an isotropic matrix, the behaviour of the 
composites can be anisotropic. An investigation by En-Bo [72] shows that the 
anisotropic dielectric properties observed in the composites were dependent on 
the shape and orientation of the principle axes of the particle. The anisotropy can 
however be controlled by rotating anisotropic crystal particles in the matrix. In 
work carried out by Dulieu-Barton and Fulton [73] confirms that manufacturing in a 
controlled environment can reduce the anisotropy and can reproduce mechanical 
properties of the material.
Popielarz [74] studied the frequency dependence of BaTiOs composites 
manufactured from different polymers for a wide range of frequencies. The highest 
volume fraction of 45 vol% BaTi03 - polymer composites manufactured by mixing 
BaTi03 ceramic (avg. size - 1 pm) and polymer, followed by curing under UV light. 
The composites (30 vol%) containing BaTi03 - polar polymers shows a higher 
dielectric constant (e') of 41 as compared to 24 for BaTi03- non-polar polymer 
composite, measured up to 1 kHz frequency.
Multi-doped BaTi03 powder composites were prepared by Kuo [75] by ball milling 
for different time spans. The particle size was dependent on the processing time in
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the ball mill, at any given process temperatures. The temperature in the ball mill 
ensures uniform properties for the complete batch. As expected, the piezoelectric 
coefficient of the composite increases with BaTIOs content. However, the 
processing temperature does not influence the piezoelectric constant.
According to the dielectric theory, the dielectric constant of most of the polymers 
measured at high frequencies reduces to the square of the polymer refractive index 
as a limiting value. The dielectric constant therefore measured by increasing the 
frequency up to 10 GHz exhibits similar values irrespective of the type of polymer in 
the composite [74]. It can also be interpreted that the dielectric constant of the 
ceramic is dominated by higher frequencies. The dielectric loss (Tan 5) for the 
composite with polar polymer was higher than non-polar polymer composite, 
showing better stability in non-polar polymer composites, for the entire range of 
frequencies.
Increasing frequency and volume fraction of ceramic particles increases the 
dielectric loss in the ceramic - polymer composites. The addition of metal particles 
along with the ferroelectric ceramic has been shown to yield extraordinarily high 
dielectric constant [76]. Measuring ferroelectric curves shows a higher remnant 
polarisation due to the addition of metal particles [77]. The capacitance of the 
composites was however independent of frequency and increased slightly with 
temperature. The dielectric loss decreases for high metal content for unannealed 
specimens.
2.1.9 Theory of Dielectric Relaxation
Under the influence of an external electric field, the dielectric properties have to 
overcome the mechanical resistance induced by the surrounding polymer. The 
difficulty of surfacing domain charges may result in reduced dielectric 
measurement. This is particularly evident for 0-3 composites.
Electrode deposition is generally required for measuring the dielectric behaviour of 
specimens. These are either physically deposited using a conductive paint or by
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metal deposition techniques like nickel - chromium. Theoretically, it is assumed 
that the edges of the electrode lie perpendicular to the surface of the specimen and 
the flux generated by these electrodes is negligible and does not influence the 
measurements. However, in practice, absence of high permittivity medium across 
the specimen or the dimensions of the electrodes compared to the specimen may 
form a fringing field. It is therefore, desirable to have a high dielectric material, 
also known as High-K material for the capacitance application. Most of the 
electrodes form barrier layers and blocking contacts in which Schottky barriers may 
be significant [78-79].
The electrodes may contribute to parasitic capacitances if a good connection is not 
formed with the dielectric material. The effect of the metal electrodes may result 
in the formation of dielectric absorption. This occurs when the small current 
continues to flow and takes a long time to reach the constant level corresponding 
to the resistivity of the dielectric. A small current also flows during discharge 
leading to the formation of a small potential, in open circuit capacitance. The 
dielectric is an extension mechanism of dielectric loss occurring at low frequencies, 
due to low mobility of ions. The dielectric absorption may also arise from the 
depletion of carrier from Schottky barriers formed at the dielectric-electrode 
barrier [78]. The measurement of absorption is difficult in practice as it involves a 
very small amount of current passing through the specimen for a considerable time.
Dielectric relaxation is commonly observed in piezoelectric and ferroelectric 
materials. It is a lag in the dielectric constant of the material causing delay in 
molecular polarisation. It was observed that presence of defects within the 
specimen or occurring due to electrode deposition experiencing Debye relaxation in 
all the piezoelectric materials and occurrence of orientation polarisation forming 
90° domain walls in ferroelectric materials [16]. Debye relaxation is the dielectric 
relaxation experience by the dipoles due to external electric field. Debye relaxation 
is expressed in terms of complex permittivity as a function of frequency [80].
A relaxation spectrum similar to Debye relaxation is observed in the heterogeneous 
systems in which the dielectrics have a difference in conductivity. This is referred
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to as Maxwell - Wegner relaxation, where an external current passes through the 
interfaces between two different dielectric media [81-82]. The difference in 
conductivity leads to surface charge piles up at the interface of different media and 
gives rise to Debye relaxation under external alternating electric field. Unlike 
Debye relaxation, the Maxwell - Wegner relaxation is not an outcome of dipole 
relaxation but an externally caused relaxation.
In practice, the real and imaginary part of the permittivity varies with the 
frequency. The permittivity will be relatively stable at a frequency lower than the 
resonant frequency. The permittivity will also be the function by which the 
polarisation lags. However, it will gradually increase as the frequency approaches 
the resonant frequency. At a frequency greater than the natural frequency, the 
dipole oscillation will drop due to an exponential decay factor. At the natural 
frequency, the dipole experiences the harmonic oscillation, characterised by power 
absorption at the characteristic resonant frequency. The ferroelectric materials will 
experience resonant relaxation [11].
A higher dielectric constant of the composites can be achieved by either increasing 
the permittivity of the ceramic filler or of the polymer matrix itself. Different 
approaches have been examined for maximising the dielectric constant. One of the 
methods uses polyvinyl difluoride (PVDF) and its copolymer as matrix for the 
formation of composites. Apaydin [83] has successfully exploited the idea for 
manufacturing multilayer GPS antenna from ceramic - polymer composite [86]. 
Higher dielectric constants along with higher capacitance were achieved by mixing 
metal - ceramic - polymer materials [84].
High - energy particle irradiation of PVDF and its copolymers significantly increases 
the dielectric constant, due to a ferroelectric to paraelectric transformation [85]. 
Klein [83] studied similar transformations, however the transformation in polyvinyl 
difluoride - trifluoroethylene (PVDF-TrFE) was introduced by a defect formation 
due to copolymerisation of chlorofiuoroethylene (CFE) with PVDF-TrFE [81-82].
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BaTiOa having 2 \xm particle size were mixed with acrylic resin to obtain ceramic - 
polymer composites in the range of 0 ~ 35 vo!% and were used for the study of 
ferroelectric behaviour [86]. Composites were manufactured by the conventional 
route of mixing and degassing at a pressure of 0.0025 MPa followed by casting. The 
Hysteresis curves showing typical dynamic relationship of the polarisation against 
an electrical field strength (P-E) was obtained for varying composites. The 
hysteresis curves for all the specimens were symmetrical. However, the saturation 
polarisation and remnant polarisation increases in high loading composites. The 
remnant polarisation of 0.0016 C/m2 and 0.0002 C/m2 was observed at an electric 
field of 7 kV for 35 vol% and 15 vol% composites, respectively.
BaTi03 - PVDF composites with 70 wt % of BaTi03 shows saturated polarisation 
measured at 30 °C was close to 0.1 x 10'6 C/m2. The remnant and saturation 
polarisation also increases with the increasing temperature, even beyond the Curie 
temperature of BaTi03 [55]. The saturation polarisation was not influences by the 
temperature and any peak in saturation polarisation due to Curie point was absent.
2.1.10 Application of Functional Materials
A piezoelectric thick film fabricated using sol-gel process combined with 
micromachining techniques have been successfully employed for a low 
temperature, ultrasonic transducer application [87-88].
Functional composites find a wide range of uses in electrical applications, namely: 
capacitors chiefly utilised for power filtering and power conversion [89]; reactive 
load compensation [90]; radio frequency systems [91] and so on. Utilisation of 
ceramic - polymer composites offer improved characteristics in a single physical 
system with higher dielectric constant, high flexibility for diverse manufacturing 
methods and nonetheless, at a low cost of manufacture.
The ability to fabricate dielectric material is utilised for applications such as 
ultrasonic transducing [92]; biomedical imaging for piezoelectric materials [93]; 
development of non-volatile memory devices [94] and high frequency based
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electronic devices [95] for ferroelectric materials. Dielectric material with low 
acoustic impedance, lower electromechanical coupling factor, higher dielectric and 
mechanical losses may not be suitable for piezoelectric and ferroelectric based 
applications but can be advantageous for pyroelectric detectors [96].
An application of piezoelectric composites used for enhanced healing of bone 
fracture in the presence of electric field is relatively new [97]. Composite of BaTi03 
and PVDF-TrFE developed with 3-0 and 3-1 connectivity were employed to generate 
fields for healing the bone fractures. The combination of piezoelectric ceramic and 
polymer was a meritorious choice as it has excellent dielectric properties, its 
lightweight and mechanical strength, but still highly flexible [98].
2.2 Composite Materials
This section gives an overview of the theory and classification of composites. It 
further discusses various mathematical models from the literature for a theoretical 
prediction of mechanical properties focusing on particulate composites.
2.2.1 Classification of Composite Materials
Composite materials are composed of two or more materials, combined together 
on a macroscopic scale. Formulation of the desired composite material is based on 
properties exhibited by the composite components. For example, a 
"reinforcement" component is added to a "matrix" component present in 
abundance, to achieve desired properties like enhanced strength or stiffness, 
density, higher or lower thermal expansion coefficient and low cost. Although, the 
addition of one component to another may be beneficial to some properties, it can 
equally impede others. To obtain a composite material with desired properties, a 
degree of experimentation and optimisation is usually required.
Natural materials are often excellent examples of composite structures. These 
materials show unique properties by recurrent use of constituent molecules at 
different level of hierarchy [99]. For example, bones, tendons, wood, cell 
membranes and soft tissue all show structural hierarchy.
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Tendons should be highly elastic, yet stiff to absorb a large amount of energy 
without fracturing. Collagen fibrils are packed parallel into large fibres and are 
aligned together longitudinally between the bones and the muscle. This unique 
hierarchical structure of tendons is reflected in the stress-strain behaviour, which is 
non-linear below 1 MPa and at high stress it gradually becomes linear due to 
progressive strengthening of crimp [100].
In the case of wood, a high specific strength and stiffness is demonstrated along the 
direction parallel to the trunk. Wood is composed of a crystalline polysaccharide, 
cellulose in an amorphous matrix of hemicelluloses, lignin and other compounds. 
This remarkable mix and arrangement shows per unit weight stiffness comparable 
to steel [99].
Articular cartilage exhibits strength and stiffness along with an outstanding 
frictional, lubricating and wear resistant properties. Cartilage is a porous- 
permeable, fibre-reinforced composite collagen filled with fluid matrix of 
aggregating proteoglycans. Collagen content and collagen fibre orientation vary 
with the depth from the articular surface with the surface layers oriented parallel to 
the surface and inner layers perpendicular to the bone surface. The centre zone 
has orientation at nearly 45° to the surface. Such hierarchical structure of collagen 
- proteoglycan matrix is responsible for the fibre - reinforced properties of this 
tissue.
The combination of materials found in the nature have been carefully studied by 
engineers and often emulated in the manufacture of synthetic composites. 
Composite materials are usually classified by the matrix, as shown in Figure 13.
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Figure 13: Classification of Composites for Matrix and Reinforcement Materials.
Man-made material composites such as Glass Reinforced Plastic (GRP) are made 
from glass strands in a polymeric matrix. Similarly, materials manufactured 
containing metal matrix and ceramic matrix are known as Metal Matrix Composites 
(MMC) and Ceramic Matrix Composites (CMC) respectively [100]. This suspension 
of one material in another and perhaps even a third component confers a number 
of unique properties to these complex materials. A typical 3D woven carbon fibre 
containing 0.15 - 0.17 volume fraction in an epoxy matrix shows a high stiffness to 
weight ratio [101]. Similarly, an impact resistance of 139 J/m was observed in 
40 wt% glass fibre-Nylon-66 composite [102]. Biodegradable fibres (20 wt%) with 
thermoplastics exhibit Young's modulus of up to 140 MPa [103].
Generally, the matrix material is used as the medium for the bond formation 
between the reinforcing elements. Flexibility in choosing reinforcement materials 
with a suitable matrix offers a wide range of options.
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2.2.2 Mechanics of Composite Materials
Designing a composite material is based on a concept of load sharing amongst its 
constituent components. It is assumed that the load at the surface is uniformly 
distributed and the stress is experienced by each component of the composite. It 
can be estimated by distributing the load in proportion to the volume fraction of 
each component. It follows that [100]:
OA = (1 - 0(0*0 + (0(Of) (2.36)
Where Oa, Om and Of are average external stress applied on the composite material, 
volume averaged matrix and filler stresses, respectively, V is the volume fraction of 
reinforcing material in the composite on a plane normal to the direction of load. As 
long as the applied stresses are within the elastic limit of the components and that 
a strong bonding exists between the matrix and the reinforcement, the proportion 
of load borne by each component will be a function of its volume fraction.
Constituent materials for the fabrication of a composite should be compatible for 
strong interfacial bonding. Materials such as aramid fibre, natural fibres or modern 
synthetic fibres are combined with polymers, metals and ceramics [104]. Both 
material and its physical form play a critical role in deciding mechanical properties 
and the fracture behaviour of the final material.
Composites usually have ideally arranged regular or random packing. A regular 
pattern is usually either a square pattern or a hexagonal pattern observed in the 
cross section. The volume fraction of the filler, f is give as [100]:
- For a square pattern:
(2.37)
- For a hexagonal pattern:
(2.38)
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Figure 14 shows a schematic arrangement for hexagonal and square packing where 
2R is the centre - to - centre distance between fillers. The volume fraction of the 
composite will maximise if 2R is equal to the sum of radius of two fibres i.e. 2R = 2r. 
Maximum volume fraction f' of 0.785 and 0.907 can be theoretically achieved for a 
square and hexagonal arrangement, respectively [100].
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Figure 14: Schematic Arrangement of Hexagonal and Square Packing of Fibres in Matrix.
Applying a uni-directionally tensile load to each component of the composite will 
experience similar strain, provided the interfacial bonding is strong enough to avoid 
localised sliding. For the equal strain condition [105]:
(2.39)
Where £i, £f and £m is overall strain in the composite, strain in the filler and strain 
in the matrix components, respectively. As the load is redistributed, the stress 
experienced by the composite material is given by:
a = (1 - f')am + Pot, (2.40)
Equation 2.40 is based on "the rule of mixtures". Since all the components in a 
composite material are equally strained, Equation 2.40 can be rearranged to equate 
the modulus of elasticity of a composite, Y [105]:
42
(2.41)Y = (1 - f')Ym + f%
Where Ym and Yf are the modulus of elasticity for the matrix and reinforcement 
material, respectively. The equations above are valid for a fibre composite subject 
to unidirectional alignment of all the fibres.
In the transverse direction (as shown in Figure 15), the stress is applied to both - 
the filler and the matrix. The strain in the filler and matrix is highly complex and 
non-uniform. Generally, the strain in the matrix is relatively high and reduces 
towards the interfacial region. The strain in the filler and the matrix can be found 
from stresses [105]:
,f, = £ (2.42)
6m = 71 (2.43)
*111
Where at is transverse stress. The resultant deformation along the transverse 
direction will be a cumulative deformation for each component, in terms of 
volume fraction of fibre f, modulus of elasticity Yt for the component can be 
expressed as [105]:
Y = Yf'Ym 
t VmYf,+Vf,Em
This behaviour is more specific to particulate composites.
(2.44)
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Figure 15: Representation of Composite Volumes with Longitudinal and Transversal
Stress.
2.2.3 Theoretical Models for Composite Behaviour
In the case of particulate composites, an inclusion of one material is suspended 
randomly in the other. The particles and / or the matrix can be either metallic or 
non-metallic. Based on wettability, particle loading, particle size interfacial 
bonding, etc.; the behaviour of particulate composites varies [106-107]. The 
interfacial bonding between constituent materials reduces interfacial shear, 
resulting in the transfer of stress across the complete cross section of the 
composite.
Size and shape of the filler material and compatibility with the matrix material 
determines the physical and mechanical behaviour of the composite. In theory, 
two approaches explain the tensile strength of the material filled with varying solid 
particle loads. According to one approach, stress concentration around the 
particles in the composite material leads to the failure as the composite strength 
decreases with increased loading of the particles [108]. The other approach 
explains the occurrence of failure in the composite due to a decreased cross 
sectional area in the load bearing polymeric matrix.
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Eshelby proposed a theoretical model for predicting the behaviour of a composite 
[109]. The model considers a long fibre with an ellipsoidal cross section, aligned 
uniformly in an infinite matrix experiencing uniform stress. The intensity of the 
stress is uniform across the cross section if the stiffness of both materials is similar. 
Hence, the composite material will strain uniformly. However, if the stiffness of the 
components differs significantly, the stress in the components will be different 
resulting in a non-uniform strain.
A model proposed by Mori and Tanaka includes interaction between the filler and 
matrix by including the volume fraction of each component [110]. The model 
assumes a uniform distribution of the filler in the matrix and suggested the average 
strain will represent overall strain experienced by the composite. They further 
explained that the stress is uniformly distributed in the matrix, where the stress in 
the filler material locally fluctuates leading to an anisotropic behaviour [111].
Hill [112] developed several theories including elastic behaviour, inelastic 
behaviour, and the "self consistent" methods for predicting overall modulus of the 
composite based on filler materials of circular cross section and the volume fraction 
of the constituent components. The model uses the bounding approach proposed 
by Voigt and Reuss for upper and lower bounding limits [113-114]. However these 
are influenced by an individual component behaviour. Eshelby's method for 
composite materials was additionally modified producing a "self consistent" model 
for fibre and particulate composites [115]. For materials having a large variation in 
stiffness, the model fails to provide accurate prediction of the behaviour of the 
composites, particularly at high volume fractions of the filler material.
Hashin and Shtrikman [116] developed an alternative principle for heterogeneous 
composites, verifying the work done by Brown [117] stating that the properties of 
composites are not completely defined by the statistics of the constituent 
components. Similar to models discussed earlier, the Hashin and Shtrikman [118] 
method assumes isotropic behaviour with varying volume fractions of filler 
material. The filler particles are considered to be concentric spherical shells with 
filler uniformly surrounded by a matrix. Hashin and Shtrikman implemented upper
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and lower bounds for effective poly-crystal moduli using variational principles. 
They also attempted generalisation of variational principles for an anisotropic and 
non-homogeneous elastic composites. Although the model considers 
transformation from an isotropic, homogeneous composite materials to anisotropic 
and non-homogeneous composites, it failed to be verify by experimental validation.
The mechanical and volumetric behaviour of these particulate composites are 
influenced by the interfacial bonding of the filler and matrix [119]. Vratsanos [120] 
considered an alternative approach, for developing a mathematical method for 
predicting de-bonding of a particle by use of an energy balance. Behaviour 
predicted by the model was valid for higher volume fractions. The behavioural 
change occurring in the composite material under stress shows a non-linear strain 
caused by de-bonding. The model assumed homogeneous and uniform properties, 
along with no loss of energy to dissipation [119,121-122].
The Equivalent Box Model (EBM) [115] considered for prediction of the modulus 
and the strength of polymer blends uses a homogeneous material properties. By 
considering weak adhesion and strong adhesion between the constituents, the 
model obtains lower and upper bounds, respectively. Three perpendicular plate 
(3PP) Cubic Orthogonal Skeleton and Cross Orthogonal Skeleton models were 
proposed by Kolarik [123]. They ignored adhesion between two materials forming 
a composite and it presumes the adhesion is sufficient to transmit stress across the 
interfacial area in the linear stress-strain region. The method is relatively simple 
and composite behaviour is related to only the same phase structure and considers 
the modulus or yield strength along with the volume fraction of components. It 
considers the calculation of upper bound limit for binary components using rule of 
mix, mentioned in Equation 2.36. For lower bound, however, the model considers 
a binary system of two immiscible materials where the volume fraction of each 
constituent material is regarded in parallel or in series relative to the acting force. 
This can be mathematically presented as:
Yb = (Y,f!p + Y2f2p) + (fsVgf + £]) (2.45)
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where Y is the modulus of elasticity, f is the volume fraction of constituent 
materials described by subscripts 1 and 2. The volume fraction of the material in 
series or in parallel with the acting force is described as subscript s and p, 
respectively.
The models discussed above represents a few from the plethora of research work 
available on modelling composites, they represent a fair view of available methods 
for predicting composite behaviour. None of these models are precise and only 
offer an approximation of the experimental performance.
2.2A Behaviour of Composite Materials
Addition of rigid particles to the polymer reduces the thermal expansion coefficient 
but increases the stiffness of the material, creep resistance and the fracture 
toughness [124-125]. It might be expected that increasing the total filler loading in 
a composite will exhibit higher tensile strength values. It has been shown however 
that the total filler content in a high-density composite does not correlate to the 
theoretical behaviour [126].
Penn [127] also confirmed that the mechanical properties of particulate composites 
are influenced by the size; shape and the particle size distribution, rather than the 
loading of particles. The reduction in Young's modulus reported for bigger particles 
composite, for any given volume fraction is attributed to the "skin" effect where 
surface skin is depleted from the particle.
The properties of particulate composites, determined in various investigations 
shows that the mechanical strength of the composites increases by increasing the 
particle content up to a critical limit after which it deteriorates. Work by Landon 
[126] confirms that the tensile strength measured for composites containing 
different particle diameters reduces with increasing volume fraction. The tensile 
strength observed for composites containing 21 pm solid spheres decreases linearly 
with volume fraction of solid, whereas the tensile strength for the composites 
fabricated from 216 pm solid spherical particles showed a non-linear relation to
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particle volume fraction. The tensile strength for the small spheres was closer to 
the upper bound limit of the theoretical prediction, where as the lower bound limit 
was approached with the larger particles.
The polymer matrix particulate composites were typically observed for brittle 
fracture occurring at the polymer - particle interfaces [105]. The fracture energy of 
the particulate composite material increased with increasing the particle size, for 
any given volume fraction [127]. However, the characteristics behaviour for any 
particle size observed could not be generalised with varying volume fraction of 
particles.
Fabrication of alumina ceramic by Laser Engineered Net Shaping (LENS) is a laser 
based AM technique. This technique was used for the fabrication of fully dense 
alumina structures [128]. It was observed that the compressive strength of 
123 MPa for as - fabricated specimens marginally increase to 159 MPa when heat- 
treated at 1600 °C. The mechanical strength of these specimens was influenced by 
the build orientation. The compressive strength of as - fabricated specimens 
observed for build directions perpendicular to test direct was 86% higher than that 
parallel to test direction. The strength was higher for heat-treated specimens, 
resulting in a marginal influence of build orientation on mechanical strength. Heat- 
treating specimens of 10 - 25 mm in size also showed increased grain size from 6 - 
200 pm and hardness from 1550-1700 Hv.
2.3 Micro Fluidic Devices and Micro Electromechanical Systems 
(MEMS)
Nearly three decades ago, a miniature gas chromatographic analyser was fabricated 
on silicon [129]. It was a 'first' for both, miniaturisation of devices on silicon chips 
and the integration of functional devices. The concept of a miniaturised total- 
analysis system, known as micro Total-Analysis Systems (pTAS) [130-131] or Lab-On 
Chip (LOC) [132] followed. Although, this pioneering development failed to get 
attention, it was seen later as a sea-change for the future of micro devices.
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The concept of pTAS embodies multiple processes aiming at the separation and 
detection of chemicals [133]. It consists of several discrete steps, starting with the 
specification of the pTAS, considering the reagents involved, chemical reaction 
kinetics, reaction temperature, single or multiple uses, etc. It also requires the 
design and development of a suitable manufacturing procedure that integrates all 
analysis and sensing processes. This requires input from chemical reaction 
engineering, fluid dynamics, thermodynamics and manufacturing to ensure an 
efficient performance of the whole pTAS. Computer simulation of micro fluidic 
devices can significantly shorten the design, manufacturing and testing process and 
is now common in the design and development of pTAS systems [134].
The design of a pTAS integrates micro channels with sensors and actuators 
controlled by a computer. Fabrication techniques developed for LOC applications 
must be capable of producing feature size between 1 pm and 1 mm [135]. The 
micro reactor is an extension of micro electromechanical systems (MEMS) aimed at 
performing chemical reactions involving mixing, heat and mass transfer along with 
monitoring reaction progress. The MEMs are essentially transducers that convert 
energy between the electrical and mechanical domains or vice versa and often 
integrated with micro fluidic devices. The techniques to manufacture micro fluidic 
devices and MEMS also widely overlaps.
Due to smaller operational volume of micro reactors, they are advantageous for 
hazardous chemical reactions. In case of failure, the loss of chemical is relatively 
insignificant resulting in a decrease in risk. Compared to conventional reactors, 
high heat and mass transfer rates can also be achieved with close control of process 
variables, delivering higher efficiency and improved yield, particularly if these 
devices are arranged in parallel. This means that they can be effectively used for 
studying new chemical reactions with highly reactive and hazardous reagents. For 
the large-scale production of chemicals, micro reactors can be concatenated to 
form a continuous production unit; enabling scale-up to full production is simple 
and safe.
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2.3.1 Micro Manufacturing Techniques
The raw material chosen for these devices should be non-reactive with the 
chemical system used. Silicon [136-137], glass [138] and polymer materials [139] 
are commonly used for the production of pTAS and a plethora of on-chip 
manufacturing methods suitable for these materials have been developed over the 
years. Techniques available for micro fabrication are broadly categorised as shown 
in Figure 16. Silicon based manufacturing routes are currently preferred for micro 
fluidic devices and MEMS due to excellent semiconductor properties, high 
mechanical strength, chemical resistance and excellent resolution [140].
Substrate fabrication takes silicon wafer of 200 to 650 pm in thickness and 75 - 
300 mm diameter with (100), (110) or (111) Miller planes [141]. The basic 
procedure for on-silicon manufacturing follows the processes shown in Figure 16. 
Each of these processes has a complex operational procedure and requires a high 
degree of skill. Photolithography is the most common processing method for the 
production of devices from silicon [142]. Coating can be produced by deposition of 
thin film materials. Here material of a few microns or less can be easily deposited 
by using techniques such as chemical vapour deposition (CVD), low pressure 
chemical vapour deposition (LPCVD), sputter coating and resistive heating 
deposition [143-144].
Another widely used micro manufacturing method is LIGA, which is a German 
acronym for lithographie, galvanoformung, abformung (lithography, electroplating, 
and moulding) [145]. As the name indicates, it is a sequence of micro fabrication 
steps combined with deep X-ray lithography followed by the additive process of 
plating through a mask and mould. The technology is used for both silicon and 
other substrates, and offers ultra precise fabrication of components.
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Figure 16: Basic Process Silicon Micro Fabrication [146].
Glass and quartz are also used for the manufacture of micro fluidic devices [147]. 
These materials have demonstrated potential in chemical applications such as 
capillary electrophoresis and electro-osmosis of liquids for analysis [148] and 
medical application, where human physiological fluids were transported in the form 
of droplets using electro-wetting analysis [149].
The use of the polymer can offer a range of material properties and has a surface 
chemistry required to optimise performance. Their low cost, high volume and 
relatively simple processing are distinct advantages in comparison to the other 
material. Manufacturing of polymer micro fluidic device by hot embossing has 
been successfully demonstrated using PMMA and polycarbonate (PC) [150]. Low 
cost, flexible manufacturing of micro fluidic systems by injection moulding, 
lithography and laser photo - ablation for various applications was successfully 
achieved by Becker [151].
Standard processes like photolithography, wet and dry etching, low-pressure 
chemical vapour deposition (LPCVD), sputter coating and various other micro 
manufacturing methods are employed for manufacturing MEMS [152]. Most of
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these methods are highly complex and a combination of these methods is needed 
for MEMS manufacture. Some of these methods need post-manufacturing 
processing to achieve smooth finished surfaces as they leave burred edges [153].
Flawless working of a micro electro-hydrodynamic (EDH) injection pump was 
achieved by staking two silicon parts and bonded together [154]. Both the silicon 
parts were KOH etched to make a grid of holes while the other side was gold coated 
to form pump electrodes. Applying an electric field injects charged particles in the 
fluid, resulting in pumping of fluid. Similarly, a micro-pump system using 
piezoelectric actuation has been developed where a single Stereolithography 
process where ultraviolet - photocurable polymer material was used to 
manufactured pump body. The piezoelectric disk was glued to the pump body for 
piezoelectric actuation [155]. Investigations were also carried out by Cohen [156], 
who used an electrochemical fabrication technique for on-silicon manufacturing of 
MEMS and a well-presented comparison with LIGA.
Photolithography technique discussed earlier has been used as a standard process 
for fabricating polymer microstructures by sacrificial layer micro moulding and 
patterned substrate micro moulding. Fabrication of 5 pm features was successfully 
achieved, however with some non-uniformity [157]. Micro machining of polymers 
is an alternative cost-effective approach for the development of MEMS [158].
2.3.2 Hydrodynamics of Micro Fluidic Channels
When designing microfluidic process equipment, the prediction of pressure drop 
across the devices is crucial. As pressure at the exit will be the input pressure for 
next component connected in the series. It is therefore a prerequisite to keep the 
pressure drop as small as possible between devices. This concept is equally 
applicable for micro- and macro - fluidic devices. Significant experimental and 
theoretical work has been done to predict the flow behaviour of the fluids in the 
micro channels. Based on flow classification by Knudsen number, channels sizes 
are generally referred as [159]:
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Conventional channel (macro channels) - Dh > 3mm
Mini channels - 3mm > Dh> 200 urn 
200 urn > Dh > 10 |im 
10 |im ^ Dh> 0.1 \xvn 
10 nm > Dh > 1 \xm 
1 urn ^ Dh> 0.1 [im 
0.1 >Dh
Micro channels -
Transitional Channels -
Transitional micro channels-
Transitional nano channels -
Molecular nano channels -
in micro fluidic devices, the dimensional analysis of a fluid flowing through the 
channel is characterised by the Reynolds Number NRe and Fanning's friction factor/ 
[160]. Pressure drop due to frictional losses, is related to the length of the channel, 
the surface roughness, inlet and exit conditions, viscosity and flow velocity. For 
NRe<2100 flow of fluid through the duct is laminar, whereas at NRe > 4000 
turbulence is dominant [161]. The condition 2100 < NRe< 4000 is a known as 
transition where the flow is neither fully laminar nor turbulent. Fanning's frictional 
factor for these conditions can be expressed as [162]:
f = ^-, for NRe < 2100 (2.46)
/ = SsS. for 4000 < NRe < 105 (2.47)
The fluid behaviour in the transition flow regime is irregular and unpredictable. For 
smooth surface channels, the friction factor is a function of Reynolds number and is 
independent of surface roughness [162]. Friction predominates for channels with 
rough surfaces i.e., high ratio of surface roughness (e) to diameter of the duct (D).
Reynolds number NRe is a ratio of inertial forces (Vp) and viscous forces (p/L), is 
given by [162]:
(2.48)
Where V is fluid velocity (m/s), p is density of fluid (kg/m3), L in case of circular 
ducts is the diameter (D) and p is the dynamic viscosity (Pa.s). For non-circular
ducts, D is replaced by an equivalent hydraulic diameter, Dh. The hydraulic 
diameter Dh is a method to describes the non-circular ducts as equivalent to the 
circular ducts, expressed as [163]:
Dh = “ (2.49)
where A is the cross section area of the duct and P is the wetted perimeter of the 
channel cross section.
2.3.3 Fluid Flow behaviour of Micro Channels
Like conventional reactors, the design of a micro reactor depends on control 
parameters such as mass flow rate, viscosity, density, heat transfer coefficient, 
solubility and Reynolds number. Design calculations for reactors revolve around 
high heat and mass transfer being achieved at a minimum pressure drop [164-165].
The Knudsen number is the ratio of molecular free path of the fluid X and the 
minimum characteristics dimension of the channels dmin, indicating the degree of 
flow rarefaction. The fluid is considered as a continuum for low Knudsen numbers 
(Kn < 0.01), whereas for higher Knudsen numbers, rarefaction effects such as "slip- 
flow" on the walls appear [166].
The effect of surface roughness on the fluid flow was analysed by Satish [167] on a 
test specimen made of two individual flat surfaces forming the top and the bottom 
of a flow channel. Each surface was machined to roughness, Ra of 0.21 pm and saw 
tooth surface with aligned and offset saw tooth (Ra = 17 pm). The effect of 
roughness was measured for Dh ranging from 325 pm to 1819 pm with the relative 
roughness between 0.01 and 0.14, l\lRe ranging from 200 to 7200 for air and 200 to 
5700 for water. The variation in friction factor for both, air and water flow, 
observed for Dnof 953 pm (relative roughness of 0.0735 pm) shows no agreement 
with the theoretical laminar or turbulent flow. The frictional factor for both the 
cases lies significantly above the theoretical frictional factor following the equation 
for Fanning's factor. It was also observed that the transition to turbulent flow 
begins at Reynolds number in the range of 1800 - 2100 for smooth channels.
54
However, an early transition to turbulent flow was reported for saw tooth surfaces 
with relative roughness of 0.06-0.14.
Steinke [168] have made a review of more than 150 experimental sets of data 
involving flow in micro channels. It reveals that the most common range of 
hydraulic diameter of micro channels varies from 100 - 200 pm. The experimental 
data gathered confirms that the Reynolds number decreases with decrease in 
hydraulic diameter and increasing pressure drop. Experimental data reviewed for 
the fluid flow behaviour of micro channels shows an agreement with the 
conventional theory. However, the experimental uncertainty observed in the micro 
channels was dominated by the aspect ratio of the micro channels.
Channel geometry has been reported to have a significant effect on the pressure 
drop [169-170]. Optimising the aspect ratio of the micro channels can optimise the 
flow in the channels. For example, increasing the channel length increases the 
pressure drop, whilst increasing the width of the channel reduced the pressure 
drop. Increasing the flow rate in the channels results in increasing turbulence. The 
effect of flow behaviour for varying aspect ratio of micro channel shows increasing 
friction factor for a given Reynolds number, when the channel cross section was 
changed from the square (aspect ratio of 1) to parallel plates (aspect ratio 0). In 
terms of a pressure drop, the transformation from the square to the rectangular 
cross section gradually increases the pressure drop due to increase in friction 
factor, shown in Figure 17.
55
0.034
0.032
h/w= 0.5
0.028 h/w= 1.0
0.026
0.024
0.022
0.018
0.016
0.014
0.012
L/Dh
Figure 17: Effect of Height-to-Width Ratio on Friction Factor for NRe = 1000 [167].
The flow characteristics in the micro channels were observed to be different from 
those predicted for macro channels. Stainless steel and fused silica micro tubes 
with diameters ranging from 50 - 254 pm were tested at Reynolds number up to 
2500 [163]. The flow rate was kept constant for all the tests and the pressure drop 
was measured. Conventionally, the pressure gradient (AP/AL) required to force 
liquid through a straight pipe in a uniform cross section generally follows the 
relationship with the volume flow rate Q,
^ = Q" (2.50)
For the laminar region, n=l; in the laminar to turbulent region l<n<2 and in the 
turbulent region n £ 2. However, experimental observation for conventional 
laminar region (NRe < 2300) shows a non-linear relationship between (AP/AL) and Q.
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For stainless steel micro channels of 130 \in) diameter, theoretical prediction was 
given as
^ = 118.91 NRe (2.51)
However, for the range of NRe < 650, experimental data is found to correlate with 
the equation:
121.77 N^72 (2.52)
Comparing Equation 2.51 and 2.52 clearly shows deviation from the theoretical 
prediction of fluid flow in the micro channels [171-172].
A separate study conducted by Brackbill [173] investigates behaviour of rectangular 
channels in the turbulent flow condition (HRe = 1000 -15000). The pressure drop at 
the surface was measured for a capillary with relative roughness of 0.17. It was 
observed that the channels from 200 -1000 pm (Dh = 394 - 1849 pm) with smooth 
surfaces have verified the theoretical behaviour, however, more uncertainty in the 
data was observed for 1000 pm channels. Channel sizes of 405 pm with relative 
roughness of 0.0397 showed poor correlations with the predictions made by 
Kandlikar [159].
Work conducted by Shau-Shing [174] presents the fluid flow behaviour in the 
rectangular channels. The pressure drop at the inlet and outlet of the duct along 
with friction factor was analysed for different mass flow rates yielding NRe up to 
1000. The device used for the analysis consists of micro channels with the 
dimension 200 pm x 115 pm x 24000 pm and have a hydraulic diameter of 146 pm. 
It was observed that for NRe< 200 shows a linear behaviour of AP/AL, which was in 
agreement with the conventional theory. However, the relation changes to non­
linear with increasing NRe.
Comparison of experimental results for the flow behaviour of various micro 
channels usually shows no deviation in the behaviour predicted for the flow in the 
laminar region for hydraulic diameters down to 50 pm [175-176]. But it has also
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been shown that micro channels manufactured on a highly polished silicon wafer 
showed good correlation with the predicted behaviour, even at diameters of 6 pm 
[177].
Computer simulation tools for analysis of the fluid behaviour can be employed for 
the design optimisation and process performance evaluation [178-179]. The 
computer simulation for the fluid behaviour successfully verified the experimental 
work by Mies [180]. Although some non-uniform flow behaviour due to low- 
pressure distribution was observed during the experiment, this was not thought to 
have influenced the performance, as the deviation was in the acceptable range.
2.3.4 Applications of Micro Fluidic Devices
Micro fluidic devices are found in inkjet printers, biological and chemical analysis, 
forensic analysis, molecular diagnostics, and medical diagnostics. They are 
integrated with a digital system for micro control and sensing of system parameters 
such as the temperature, pressure fluid flow and so on [181]. An in-depth review 
by Erickson and Li [182] presents the "state-of-the art" integrated micro fluidic 
devices for DNA analysis.
Micro reactors manufactured by photolithography were successfully deployed for 
various gas and liquid phase catalytic reactions in the channel size range 200 pm x 
200 pm x 30 pm. They were successfully used in multi step, complex and hazardous 
chemical reactions, confirming the commercial versatility of these systems [183].
Micro fluidic devices fabricated by lithography have been used for chemical studies 
in biological sciences for the development of cell-based assays, single-cell assays, 
gene-expression profiling, high-throughput and combinatorial methods. The 
development of micro fluidic devices was presented as cost effective and efficient 
for health care devices for bio-anaiytical detection [184]. These micro fluidic 
channels use small volume for transportation that can be as small as droplets of 10 
- 500 pm in radius. Mixing in such a small volume can use surface acoustic waves 
generated by using functional materials [185].
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Micro fluidic devices were utilised for the study of reaction kinetics [186]. High 
heat transfer, mass transfer and mixing obtained in micro reactors opens up new 
pathways for advances in the reaction engineering. This is combined with a low 
operational risk that arises from the miniaturisation of the chemical volumes 
employed [186]. Micro reactors have to be specifically designed for each task. 
They can be integrated with the chemical and optical sensors for process control 
with rapid feedback. Ikuta [162] successfully tested an opto-sense micro reactor for 
cell free protein synthesis.
2.3.5 Micro Electro-Mechanical Systems (MEMS)
There are various definitions of MEMS available in the literature. They can be 
viewed as a special class of semiconducting device. MEMS are the devices that can 
range from 0.1 p.m to 1 mm. MEMS are transducers that convert energy between 
the electrical and mechanical domains or vice versa [187], The scope of MEMS is 
not limited to increasing number of transistors on an 1C, but a conscious effort for 
integrating multiple technologies / functions in a single package. The functioning of 
micro fluidic devices and MEMS widely overlaps and hence, has similar approaches 
for development and fabrication.
MEMS are often utilised as sensors or transducers. Although, both these terms are 
often used as synonyms, they reflect the functional objective of the MEMS. Sensor 
is derived from the word "Sentire" meaning "to perceive", where as transducer is 
originated from 4/Transduce re" means, "to lead". Sensors supply a measure of a 
parameter, whereas transducers will sense the input parameter to translate it into 
a useful signal to a controlled mechanism.
The development of smaller, faster, more efficient and reliable devices continue to 
challenge many engineering disciplines. Developments in micro electro mechanical 
system (MEMS) have lead by transformation of analogue to digital systems. MEMS 
are a perfect combination for efficient and well coordinated performance in various 
engineering disciplines enabling many functions to be embedded in a single
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package and made possible only by understanding the material science and 
fabrication techniques.
Manufacturing of MEMS by Stereolithography is a novel method of manufacturing 
3D devices and structures ranging from micron to millimetre range. Sometimes 
referred to as the poor man's LIGA process, it starts with defining a CAD model 
following the procedure of layer based manufacturing, discussed in Section 2.4. 
Although, development of polymers using parylene, polyimide, acrylics (PMMA), 
photo patternable epoxy, and polydimethylsiioxane (PDMS) elastomer has been 
reported [188], there are, however, significant challenges associated with polymer 
bases MEMS such as usability, stability at high temperatures and performance shift 
over time. In similar work by Sameoto [189], the SU-8 based MEMS were 
developed and successfully verified their applicability and functionality.
23.6 Application of MEMS
Microfiuidic devices are one of the successful commercialisation of MEMS. Their 
use in applications such as inkjet printing [190], micro pumps [191] and valves [192] 
are well documented. The fabrication of these devices conventionally follows 
silicon manufacturing, discussed in Section 2.3.1.
The smallest functional MEMS device has been designed as thermal, optical and 
mechanical sensors. They also extend to semiconducting chemical sensors and 
micro fluidic systems for biological systems, as well as micro actuators. Although 
they are used as generic terms, each MEM is highly specifically designed for a 
particular functional performance.
Since the mid 1950's, MEMS have been an area of investigation [193]. Comparing 
with the earlier designs, the current state of MEMS is highly sophisticated. It 
employs highly complex manufacturing processes for generation of 3-D 
microstructural components for miniaturisation of these devices.
MEMS based on physical sensing have been successfully manufactured as 
accelerometers, strain gauges, microphones, pressure sensors and many more.
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Micro cantilever beams have been employed to convert a variety of chemical and 
physical phenomena into mechanical movement. A work by Tabard-Cossa [194] 
used a differential micro - cantilever beam for measuring surface stress occurring 
during the electrochemical reaction. The change in surface stress induced by the 
ionic adsorption on the coated metal surface and by electromechanical 
transformations was measured by opting beam technique.
Advantages offered by beam structure have been equally explored for many 
applications [195-199]. Due to simple construction and behaviour, cantilever 
beams are relatively popular. They can be easily manufactured by utilising a range 
of manufacturing processes, including AM techniques. Radio frequency, 
piezoelectric, capacitance, vibrational methods form the basis of cantilever beams 
based MEMS.
Surface acoustic waves (SAW) based pressure sensor was designed, where the force 
exerted by the deflecting plate under pressure is transferred to an acoustoelectric 
sensitive X-cut quartz substrate [200]. The resonant frequency is generated by the 
transmitted forces and was calibrated for the applied pressure on the plate. In 
another design, the SAW resonators was integrated with quartz diaphragm. 
Deflection in the diaphragm causes generation of frequency, which was measured 
as a function of applied pressure. Micro manufacturing techniques of materials for 
silicon wafer, polymer and ceramic composites has also been suitably utilised for 
wireless sensing [201-203].
Vacuum-sealed silicon diaphragm based capacitive pressure sensors have been 
utilised over a large dynamic pressure range, with low temperature sensitivity 
[204]. Although, they perform with consistent repeatability, the capacitance 
measured was less than theoretical prediction due to higher residual stresses 
developed during manufacturing. Such capacitance-based pressure sensors offer 
high sensitivity low noise, large dynamic range combined with minimum power 
utilisation. These pressure sensors are commonly manufactured on silicon due to 
its high mechanical strength, high consistency, electrical properties and the 
precisely controllable thickness of silicon membranes [205].
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2.4 Additive Manufacturing
Additive manufacturing (AM) is the commonly used term to encompass AM 
techniques; layer based manufacturing techniques (LBMT); solid freeform 
fabrication (SFF); rapid prototyping (RP); and rapid manufacturing (RM). The term 
refers to group of technologies used for building tangible objects by joining 
together materials in liquid, powder or sheet form. Parts that have a complex 
structural design, which are difficult to fabricate by other fabrication techniques 
can be manufactured using AM.
2.4.1 History of Additive Manufacturing
AM emerged from two areas: topography and photosculpture. In 1890, Blanther 
suggested stacking layers of wax plates to manufacture a 3D contour map [206]. 
The wax plates were cut to the contours of 2D map and pressed together. Perera 
(1940) used a similar approach with cardboard, whereas Zang (1964) achieved 
further refinement using transparent plates with topographic details inscribed on 
each transparent plate. Matsubara (1974) propose a topographical process where 
refractory particles like sand or graphite powder coated with photopolymer resin 
was spread into a layer. The layer was selectively heated by a mercury vapour lamp 
to form a coherent sheet. Solvents were than used to dissolve the unhardened 
area resulting in a casting mould [207].
Baese (1904) described a technique where photosensitive gelatine is exposed using 
graduated light [208]. The annular rings of gelatine were fixed on a stack to make a 
replica of an object to obtain 3D photography. Munz (1956) proposed a process 
similar to current Stereolithography where layers of transparent photo emulsion 
were cured in a layer-wise manner [208]. Although, the layers were created from a 
scanned object, the manufactured structure was either manually carved or 
photochemical etched out to create a 3D object. In 1968, Swainson proposed a 
process for direct manufacturing of plastic patterns by selective, three dimensional 
polymerisation [209]. This was achieved by the intersection of two UV laser beams. 
At around the same time, Ciraud described a process for making objects with a
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partially meltable material, which was subsequently fused together. Similar 
process was designed at Battelle laboratories (Schwerzel, 1984) for building 3D 
parts by photochemical machining [210].
in 1979, Housholder presented the earliest description of a laser sintering powder 
method in a patent. He discussed sequential deposition of powders in layers and 
the solidification of each layer of powder by selective masking and heating [210].
2.4.2 Basic Principle of Additive Manufacturing
Most of the conventional manufacturing methods like turning, milling, drilling and 
so on remove materials to form a component of desired shape. They are 
collectively known as subtractive manufacturing. AM techniques, on the contrary 
forms a component by joining material. The material is deposited by stacking layers 
up on top of each other. Each layer has a 2D contour in the XY plane and constant 
thickness. Figure 18 shows the generic manufacturing process of AM. The model 
formed by the AM techniques is directly transferred from the CAD model prepared 
on a computer. Hence the dimensional and aesthetic detail remains unaltered. The 
CAD model prepared on the computer is sliced using mathematical methods to 
obtain the contour information for each layer. The information for each layer is 
transferred to the AM machine where a single layer is deposited on top of the 
previous layer. Deposition of all layers collectively forms the final product.
A 3D data set is required for the generation of 2D data points to manufactured 
individual layer. Since CAD models are developed on various CAD software, a 
neutral data transfer is required. The neutral format usually an STL file of the 
model is then processed by software that is supplied with a particular AM machine 
to establish the geometrical information along with manufacturing parameters for 
deposition of layers.
The slicing of a CAD model is achieved by first defining the model surface by a series 
of tessellated triangles forming an STL file, the de facto industrial standard [211]. 
The advantage of an STL file is its simplicity but this simplicity results in some
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significant disadvantage including file size, resolution and tolerance. A CAD model 
converted into an STL file has advantages as triangles provide good quality of 
geometric information that is reasonable error free. The tessellated STL models 
permit rescaling without manipulation of the original CAD file.
Obtaining the Contour information by Slicing 
the CAD Model on the Computer
(f
a)
Virtual CAD Model 
on the Computer
b)
■m
Making Physical Layers 
Due to the 
Contour Information
Merging the Physical 
Layers on Top 
of Each Other
Physical Rapid Prototyping Model
Figure 18: The Principle of Model Generation by Additive Manufacturing: a) Preparation 
of CAD Model on the Computer, b) Slicing for Obtaining Contour Information, c) 
Deposition of Layers, d) Finished Physical Model (Gebhardt 2003) [211].
2.4.3 Additive Manufacturing Techniques
AM has progressed in parallel with improvement in computer architectures, CAD 
techniques and process control mechanisms. A series of commercially available AM 
techniques encompassing different materials have developed over three decades. 
The classification of AM techniques based on nature of feed material is shown in 
Figure 19. Typical AM techniques are Stereolithography (SL), Selective Laser 
Sintering (SLS), Fused Deposition Modelling (FDM) and 3D Printing.
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Melting and Resolidification 
(FLM/BPM)
Solidification by Binder (3DP)
Melting and Resolidification (SLS)
Cutting and Gleuing (LLM)
Cutting and Polymerization (SFP)
Single or Multi­
component PowderSolids
PolymerizationLiquids
Holography (HIS)
Laser Beam( SL)
Light of Two Frequencies (BIS)
Heat (TP)Chemical Reaction
Light of one Frequency
Lamp (SGC)
Figure 19: Classification of Generative AM Processes (Adapted: Gebhardt, 2003) [212],
The first commercially AM process was 3D System's Stereolithography (SL) process 
based on liquid photopolymer [212-213]. Typically a Stereolithography apparatus 
(SLA) consists of a container that stores the liquid polymer and acts as a building 
chamber. A vertically movable build platform located in the polymer container; 
where the layers of polymer are deposited by a wiper blade and subsequently 
solidified using scanning laser beam. After the layer is deposited and the part 
solidified on the build platform is lowered by one layer thickness. A new layer is 
prepared by a recoating and the laser scanning system again exposes the next layer 
(Figure 20).
The laser beam has a Gaussian energy distribution indicating parabolic penetration 
characteristics of the resin [213]. The beam penetrates the previous layer while 
depositing new layer to achieve inter - layer cross - linking. This is known as depth 
of penetration. It ensures cross - linking between the layers and over curing the 
previous layer.
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Figure 20: Typical Layer Deposition in SLA: a) Layer Deposition by Laser Scanning, b) 
Lowering of Build Platform, c) Preparation of New Layer by Recoating [212].
Some AM techniques require the solidification of powder or granules for the 
formation of layers. Selective Laser Sintering (SIS) was the first to be developed. In 
the SLS process, particles are deposited on a build substrate to form a powder bed 
of 50 - 100 pm in layer thickness [9][206]. During this process, the chamber is 
gradually heated up to 80% of the melting temperature of the material. The laser 
beam only needs to add the amount of energy for sintering; hence keeping the 
process temperature in a small tolerance window is important. The process 
chamber is also filled with inert gas, usually nitrogen (typically up to 0.1 % to 3.5 % 
residual oxygen) [212] to reduce oxidation of the powder. The powder bed is 
generally closely packed and then melted by the laser beam solidifying due to 
fusing of particle in a layer [214]. The build substrate is lowered once the layer
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solidifies and is subsequently recoated with powder. Melting and solidification of 
second layer joins it to first layer. The process is shown in Figure 21.
Electron Beam Meting (EBM) can also be used for melting solid powder [215]. EBM 
uses a high-energy electron beam to selectively melt solid metal particles. EBM is 
similar technique to SLS; however, the manufacturing process is operated under 
vacuum and at high temperature and can be used only for metals. The EBM based 
system has faster scanning speeds but poor surface finish and resolution in 
comparison to SLS.
Figure 21: Typical SLS Process: a) Layer Deposition by Laser Scanning, b) Lowering of Build 
Platform, c) Deposition of Powder Bed by Recoater [212].
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In another AM technique, the solid material is extruded in the form of molten 
material by continuously feeding in material as filament to a heated nozzle. This 
technique is known as Fused Deposition Modelling (FDM) [216]. The solid material 
is either fed to the extrusion chamber under gravity or using a screw. The materials 
that are fed to the system under gravity require a plunger or a compressed gas to 
force the molten material through the nozzle. If the system is screw fed, it pushes 
the material though the base and simultaneously generates sufficient pressure 
needed to push material though the nozzle, resulting in a uniform feed rate and 
constant cross-sectional diameter of the depositing material. The nozzle, controlled 
to move in the XY plane. After the layer is deposited, the base plate is lowered by 
one layer thickness [70]. Figure 22 shows schematic representation of FDM 
technique.
Filament material
Pinch roller 
feed system
Scaffold
Platform
z-axis
Figure 22: Schematic Representation of FDM Process [209].
A three dimensional printing process, commonly known as 3D printing was 
commercialised as Zcorp's in 1997 [216]. It works on a binder printing method
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where a binder or other additive is printed onto a powder bed, as shown in Figure 
23.
Although, the development of materials for printing is a challenge, many examples 
have been commercialised such as Solidscape, 3D Systems and Object Geometries 
have all successfully launched AM machines based on inkjet technology. The 
machines developed by Solidscape contain two single jets - one to deposit 
thermoplastic material and other to deposit wax supports [216]. These machines 
are slow but accurate and are used extensively in the fabrication of investment 
casting patterns for the jewellery and dentistry industries.
Jetting Head
FuUcure M
(Model Materiel)
FuUcure S
(Support Material)
Build Tray
X axis
Yaxis
UV Light
Z axis
Figure 23: Schematic Representation 3D Printing Using Polyjet Technology [217j.
The 3D Systems and Object Geometries machines offer printing and curing of 
acrylic photopolymers using inkjet heads. These machines print a number of acrylic 
based materials, at a layer thickness of 0.015 mm. In the Object polyjet system 
materials are deposited from the print head containing 1536 individual nozzles 
[216]. Following deposition, the layers are subsequently flashed with UV light, 
which activates photoinitiated polymerisation.
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2.4.4 Photopolymer Curing
Liquid poiymers can be selectively cured using gamma rays, X rays, electron beams, 
UV rays and visible light. The SLA technique commonly uses UV rays, laser and 
visible light for curing. A typical example of SLA machine uses an NdiYVCU laser 
system (iPro 9000XL SLA Center / 1450 mW) to cure liquid monomer layer [218]. 
The liquid monomer containing photo catalysts are exposed to radiation of 
wavelength X 354.7 nm, chosen for its ability to cross link monomer units into 
polymer [219]. During the SL process, the laser irradiation penetrates slightly more 
than the layer thickness resulting in the partial curing of the liquid polymer and the 
further curing the surface of the previously scanned layer. In the case of a laser, 
the exposure E will decrease exponentially with the depth z and follows:
(2.53)
The above equation is known as the Beer-Lambert law of absorption [213], E(z) is 
the exposure at a depth z, E0 is the exposure at resin surface, z=0, Dp is the resin 
penetration depth. Practically, polymerisation is not effective beyond a limited 
depth, at which the exposure is below a certain threshold value. The exposure level 
at which the polymer transforms in to a solid is termed as its gel point. This 
threshold exposure for gel formation is known as the critical exposure Ec. Exposure 
is a measure of radiation energy per unit area. It is proportional to the radiation 
power density and inversely proportional to the product of radiation bandwidth at 
the liquid surface and the scan speed [207], The maximum depth of the polymer 
cured by a single pass is given as:
Cd = Dpln(^f) (2.54)
The equation above is the fundamental equation of SLA, where Ca is the curing 
depth of the polymer. For a photopolymer, threshold exposure Ec is constant and 
the curing depth Cd is a function of depth of penetration Dp and maximum exposure 
Emax. at the surface [207].
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The get point is reached when the photopolymer is exposed to radiation at EC/ 
however, at the gel point, the material does not possess significant strength, it is 
therefore necessary to expose the photopolymer at Ex, in excess over Ec to obtain 
useful strength. Strength of the photopolymer achieved after exposure to Ex is 
termed as green strength [213]. The green strength should be sufficiently large to 
ensure the part does not deform while being manufactured or handled.
During manufacturing, support structures may be needed particularly for layers 
with overhanging or undercut features. Supports for such overhanging or undercut 
features may be avoided by reorienting the CAD model. Supports are generated in 
such a way that the part is held in place to avoid distortion. The design of support 
structures vary from simple cantilever beams to a complex mesh extending and 
supporting part features.
2.4.5 Characteristics of Polymer Components
The components manufactured by SLA technique using laser curing permit high 
precision. The mechanical property of the photopolymer improves with curing of 
the polymer [220]. They are however, time dependent and tend to degrade with 
aging. They are also influenced by humidity and temperature.
The stress strain behaviour of the test specimens manufactured using SLA show the 
average Young's modulus of 1050 MPa for the green parts increase up to 1320 MPa 
for the specimens maintained in the conventional oven under uniformly maintained 
temperature by Salmoria [221]. The average strain in the green part was highest of 
ail the test specimens.
An investigation undertaken by K. Chockalingam [222] identifies influence of layer 
thickness on mechanical properties of test specimens manufactured in epoxy resin 
by SLA. These tensile test specimens were manufactured with 100 pm, 125 pm and 
150 pm layer thickness. The analysis shows that increasing the layer thickness leads 
to decrease in yield stress, ultimate tensile strength and impact strength of the
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material. SEM analysis of thick-layered tensile test sample shows formation of 
large voids, reducing the density and mechanical strength of the material [223].
Separate work by K. Chockalingam [224] shows that build orientation (33%) 
followed by post curing time (29%) are majorly contribution to part strength in SLA. 
Segal [225] presented a comparison of mechanical properties of polystyrene parts 
manufactured by SL moulding and steel moulded parts. It shows that parts 
manufactured by steel moulding possess better tensile strength and elongation 
were higher by 12% and 16% respectively, when compared to SL moulded parts. 
The flexural strength however for the SL moulded was 21% higher than steel 
moulded parts. The ability of the polymer materials to absorb moisture from the 
surrounding atmosphere has been reported to alter the mechanical properties 
[226].
The specimens manufactured by polymer for SLA process shows surface roughness 
due to layers, surface roughness due to shrinking of polymers and inaccuracy due to 
poor thermal conductivity for SLA moulding [227].
The specimen manufactured using SLA may often show inhomogeneity in chemical 
and physical properties in the cured part due to the limitation of curing depth of 
the radiation [228]. The process of curing the photopolymer therefore, fails to 
provide isotropic material properties.
The ability of 3D printing was used to pattern three-dimensional ceramic parts 
through the deposition of colloidal and polymer- based ink for biomedical, 
structural and functional applications [229]. However, challenge associated to 
micro mixing and controlling parameters such as viscosity of ink, rate of deposition 
and accuracy were presented.
The advantage of flexible manufacturing offered by AM was utilised for 
manufacturing of composite transducers [230]. A Fused Deposition of Ceramic 
(FDC) was specifically developed for fabrication of 2-2 and 3-3 connectivity ceramic
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composites for transducer applications. FDC was used for fabrication of complex 
transducer shape such as spirals, curves, dome, multi-layered tubes and bellows.
A frontal photopolymerisation based AM technique was used for fabrication of 
micro fluidic devices [231]. They were fabricated by photo masking of 
multifunctional thiolene-based optical adhesives. The micro fluidic device having a 
combination of 190 pm and 340 pm micro channels was fabricated using UV 
radiation (365 nm).
Manufacturing of ceramic-polymer composites using pSLA technique by addition of 
ceramic in the polymer greatly increases the turbidity of the ceramic suspension, 
leading to a decrease in absorption [232]. Addition of ceramic particles greatly 
modifies the behaviour of the resin under photopolymerisation. The particles were 
dispersed in the liquid polymer forming a colloidal solution. This however resulted 
in increased turbidity of the polymer and the penetration depth (Dp) of the mixture 
was significantly reduced.
Further, a direct writing technique has been used to successfully fabricate 
embedded micro channels on silicon by using SU-8 photo resist [233]. A proton 
beam of 1 pm2 spot size with energies of 0.6 and 2.0 MeV was used for layer 
deposition. The micro channels of 125 pm x 20 pm x 25 pm were successfully 
manufactured.
2.5 Summary
The current section summarises the discussion presented in the literature for the 
research undertaken here, aiming to manufacture a micro reactor in a single build 
by AM route using functional material forming sensing and transducing parts.
An overview on the theory of dielectric, piezoelectricity and ferroelectricity was 
discussed along with different methods used for polarisation. The degree of 
polarisation for the dielectric material is depended on the structural arrangement. 
Various phases of perovskite structured BaTiOs ceramic powder along with their 
piezoelectric and ferroelectric behaviour was discussed. Excellent piezoelectric and
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ferroelectric properties of BaTiOs have been used for various applications such as 
power filters, radio frequency systems, transducer applications, bio-imaging, 
medical applications and non-volatile memory.
As discussed, the dielectric relaxation occurring in the dielectric materials reduces 
functional activation. Various dielectric relaxation mechanisms resulting in 
dielectric loss occurring either internally or due to external field were reviewed. 
Various other factors such as particle size, shape, volume fraction, density, 
connectivity, frequency, pressure and temperature also influences the piezoelectric 
and ferroelectric behaviour were also discussed in detail.
Natural materials exhibit excellent multi- functional properties. A unique 
combination of a strength, stiffness and flexibility observed in natural materials is 
due to exceptional arrangement of constituent molecules. This molecular 
arrangement and diversity in functional behaviour continue to appeal to engineers. 
In order to bring multi-functional materials, two or more materials are combined 
together to form a composite material. The classification is based on combination 
of materials and mechanics of these composites and is discussed in-depth. Various 
mathematical models are available in the literature to prediction the mechanical 
behaviour of composite materials were also presented. The mechanical behaviour 
of the composite materials, specifically particulate composite along with factors 
influencing their mechanical performance such as particle size, shape, density and 
interfaciai bonding was also assessed in the literature review.
The typical manufacture route used for the fabrication of particulate composites 
involves uniform mixing of two or more materials followed by high pressure 
sintering. Applying high pressure and high temperature increases the density and 
connectivity of the composite materials. A similar manufacture route is used for 
fabrication of functional composites at high temperature, increases the grain size 
and therefore increasing the piezoelectric coefficient. Other manufacturing routes 
such as sol gel methods or different vapour deposition techniques forming thin 
films are highly complex process performed under extremely controlled 
atmosphere. They further require transforming in a designed shape by moulding,
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pressing or similar other processes. These processes typically suffer from poor 
dimensional tolerances, porosity and other similar defects.
A micro fluidic device such as pTAS is a typical example where multiple processes 
such as separation and detection of various chemicals are preformed. The micro 
channels in the pTAS usually contains sensing and transducing device. Basic 
manufacturing route typically used for the development of functional micro fluidic 
device consists of series of processes discussed in Section 2.3.1. These processes 
are well established for micro fabrication on silicon wafers.
The AM techniques can manufacture high resolution and precision 3D components. 
These 3D components are typically manufactured in a layer-wise manner without 
using molds, dies or hard tooling. These techniques have been successfully 
employed in various sectors. Various manufacturing techniques were discussed in 
literature survey. Although, most of the commercially available AM machines are 
typically designed to fabricate single material components, they have been utilised 
for fabrication of functional composites and multi - materials. This can be further 
used for the development of complex designs for chemical reactors integrated with 
micro sensing devices, fabricated in a single build.
The discussions presented in the literature clearly highlight the mechanical and 
electrical behavior of the functional material composites along with usability of 
these materials for various applications. It was understood that the polymer 
material has always been a meritorious choice for the development of composites 
as offer ease of processing. However, development of these composites was 
considered by use of AM techniques instead of conventional routes discussed in the 
literature, followed by a brief review on the basic principle of AM techniques.
In order to demonstrate the application of development of functional material by 
AM, the manufacture of micro reactors were considered, as they require multitude 
of various disciplines and widely employed for various applications. Exploring the 
literature therefore suggests that the fabrication of part having functional materials 
using AM techniques in a single build can result in tangible micro reactors
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containing functionai devices, which has not yet been achieved yet.
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2.6 Aims and Objective of the Research
The aim of this research is to investigate the feasibility of using AM techniques for 
the development of functionally active composites for sensing and actuating MEMS 
/ micro reactors.
This aim can be reached by fulfilling following technical objectives:
1. To identify the feasibility of using the envisionTEC AM technique for the 
development of micro fluidic devices
2. To design micro reactors and employ them in real systems
3. To identify improvement areas for the performance of micro reactors
4. To development functionally active materials for use on the DMD based SLA
5. To identify the electrical and mechanical properties of the functional 
material build by DLP
6. To characterise the performance of polymer based devices
7. Develop methods to integrate functional materials into the sensing or 
actuating parts of micro reactor systems
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Chapter 3
3.0 Materials and Methods
This chapter gives an overview of various materials considered for the experiments, 
along with a detailed description of the equipment and manufacturing parameters 
used for fabrication of the test specimens. The design, manufacturing and 
operational principal of apparatus used for analytical measurement are also 
discussed.
3.1 Manufacturing Equipment
The equipment used for the current investigation is described below:
3.1.1 envisionTEC Perfactory
The apparatus used for the current work was a digital light processing (DIP) based 
AM machine (envisionTEC Perfactory, SXGA, W/ERM, envisionTEC, Germany) with 
mini multi-lens. The envisionTEC Perfactory based SLA process uses DIP rather than 
a laser to cure the material. DLP is a projection technology containing a digital 
micromirror device chip (DMD) was invented by Texas Instruments in 1987 [234]. 
DMD is an optical device, which has hundreds of thousands of micro mirrors, 
arranged in an array. Each micromirror or a pixel on a DMD chip, may be 
independently rotated about its fixed axis. Non-rotating mirrors reflect light 
outside the work piece space resulting in a dark pixel in the resin. Rotating mirrors 
results in a exposed voxel (or volume pixel) of the material on the build plane.
The envisionTEC Perfactory is aimed at providing a cost-effective AM machine for 
the SLA process. Unlike most SLA machines, the system works with visible light 
[235]. The machine is simple to use and does not need any expert skill for 
installation. It is easily connected to a user's desktop computer for transfer of part 
data. It contains an embedded PC for data processing to enable it to function 
independently of the user computer.
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Each slice is represented by a black and white bitmap as shown in Figure 24c, where 
black region represents void and white represents exposed material. These images 
are projected by the DIP chip onto the photopolymer resin, where the white region 
of the bitmap is illuminated, selectively curing the photopolymer resin.
Figure 24: a) Front View of CAD Part, b) Slicing of Vertical Dimension of Sphere into 
Layers, c) Image Data Processed for Each Layer.
The schematic arrangement of the machine is shown in Figure 25. The build 
platform comprises of a thick glass slide held horizontally and a stepper motor that 
is capable of moving vertically to a tolerance of ± 6 pm. An independent embedded 
PC monitors the complete operation and controls the process during the transfer of 
the manufacturing data for each layer. An option for automatic and manual 
transfer of the CAD model provides operational flexibility to both, new and expert 
users.
The mask of each layer is projected from below into the resin by the DIP chip 
through the lens. Based on the image projected by the DIP chip, each active voxel 
is illuminated and cured [236]. Once the resin is cured, the stepper motor raises 
the platform by one layer thickness maintaining one layer thickness gap between 
the part and the glass. While the platform moves upward, it slowly peels the cured 
layer away from the bottom surface of the glass, allowing the liquid photopolymer 
to flow in to the gap between the part and the glass by the capillary action. The 
next layer is built following the same methodology and the process is repeated until 
the entire part is manufactured.
79
Stepper
Motor
t Platform Movement
\Trasnparent Polymer Val
DLP CHIP
Figure 25: Schematic Representations of DLP Chip in envisionTEC Perfactory.
The final properties of the components are influenced by various parameters 
including beam intensity, exposure time, peeling velocity, waiting time, levelling, 
photo initiator concentration and layer thickness. Optimum selection of these 
parameters is needed to achieve the best mechanical and aesthetic properties of 
the part.
The building time of the DLP system is about 1 hr/50 mm of build height, 
irrespective of the complexities in the XY plane. The build envelope of the machine 
is dependent on the resolution and the number of pixels on the DMD chip and the 
zoom factor of the projection system. The system allows a choice of lens described 
in Table 1. The availability of enhanced resolution mode (ERM) offers 
manufacturing of components with fine detail.
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Table 1: Build Envelope Project by Lenses with Various Focal Lengths.
Focal Length, (mm)
Length of Build Envelope 
Along X Axis, (mm)
Length of Build Envelope 
Along Y Axis, (mm)
Projection Voxel Resolution 
for DLP Structure, (pm)
60 84 63 60
75 45 34 32
85 27.7 20.8 20
The build envelope is the matrix of pixels projected through the optical lens. A lens 
with smaller focal length gives large builds envelope and lower projected 
resolution, and vice versa. There is therefore a trade-off between the build 
envelope and projection mask resolution.
The system used in this research (Figure 26) consists of a super extended graphics 
array (SXGA) DIP chip and 85 mm optical system resulting in resolution of 1400 x 
1050 pixels on a build envelope of 27.77 mm x 20.8 mm on XY plane. This results in 
a pixel size at the specimen of 20 pm in the X and Y direction at a minimum layer 
thickness of 25 pm [235]. The system was chosen as it enables the highest- 
resolution available for the manufacture of micro scale structures. The procedure 
to manufacture a build on the DIP system is simple [237]. A CAD file is prepared 
using 3D modelling software and converted to a STL file. The manipulation of the 
STL file such as placing, reorienting, scaling, etc. needed to position the file within 
the manufacturing envelope of the machine and levelled with the build platform is 
performed in Magics™ X software (Magics™ Materialise, Belgium). Any supports 
required for the CAD model are generated and exported as filenamejs.STL Once 
the changes are made, the STL file is saved and recalled in the envisionTEC 
Perfactory RP software (version 2 is currently installed). Prior to manufacture, the 
build file is verified by the software for sliced layer thickness; placement; quantity 
of the parts; and build parameters defined in Table 2.
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Figure 26: envisionTEC Perfactory mini multi lenses 
Table 2: Default Build Parameters for 25 (im Layer Deposition for envisionTEC.
Build Parameters
Burn-in Range Default Values
Units
Standard Range Default Values
Minimum Maximum Minimum Maximum
Separation Distance 2000 7500 pm 2000 7500
Exposure Time 500 20000 ms 500 20000
Velocity
Peeling 300 2000 pm/s 300 2000
Levelling 300 2000 pm/s 300 60000
Waiting Time
After Peeling 0 60000 ms 0 60000
After Levelling 15000 60000 ms 500 60000
Support generation is specific to the component geometry and is dependent on the 
operator. The Magics™ X software has a considerable number of features that 
makes it the ideal software for this application.
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Perfactory StartCenter (addressed here as PF Slicer) is proprietary software 
developed by envisionTEC to transfer manufacturing data to the machine. 
Parameters for the burn-in range and standard range are assigned with this 
software. The burn-in range parameter defines the parameters of the initial 2 mm 
deposition on the base plate along allowing higher exposure during manufacture to 
form stronger supports for holding the build components.
The inverted nature of manufacturing in the DIP system means that the excess 
resin drains away due to gravity during the build. Once the manufacturing of the 
part has finished, the stepper motor moves upwards to the home position and the 
part is removed from the build platform by peeling.
The finished parts require cleaning in the ultrasonic bath (VWR International, 
Malaysia) with dean isopropanol for a minimum of 10 minutes. For the current 
investigation, the green parts were cleaned in the ultrasonic bath for 30 minutes 
and dried in open air, for a minimum of 60 hours, to avoid damage to the delicate 
structures. Functional materials manufactured using the DLP system were dried 
similarly.
3.1.2 Sputter Coating
Where parts require, gold coating (Gold coating disk - 99.9%, B7355A, Agar 
Scientific Limited, England) was completed by evaporation using a coating system 
(Edwards S150, Edwards High Vacuum International, United Kingdom). During the 
process, the parts were placed in the chamber with the surface to be coated facing 
upwards in the evaporation chamber and a vacuum of between 6 x 10'6 to 
8 x 10'6 MPa was applied. The discharge current was typically 60 - 80 mA across the 
chamber. The parts were left in the chamber for between 15 - 20 minutes to 
ensure a consistent deposition of 2 - 4 pm of gold on the parts.
3.1.3 UV Exposure
For the current work, polymer specimens were also exposed to a UV radiation for 
curing using Lawtronics EPROM eraser ME5E (Astrosyn International Technology
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Ltd, England). The UV source operates from 230 V at 50 Hz, emitting an exposure 
intensity of 4000 pW/cm2 at a wavelength of 253.7 nm. Exposure time for different 
specimens vary based on the requirement.
3.2 Measuring Apparatus
The current investigation used various analytical techniques. The apparatus 
required for the analysis are discussed below.
3.2.1 X-Ray Diffraction
X-ray diffraction (XRD) patterns for the material specimens investigated were 
acquired using an X-ray diffractometer (Rigaku Miniflex, Rigaku Corporation, Japan). 
It consists of a source of X-ray, generated by accelerating electrons into a copper 
target. The emerging Cu Ka X-rays have a wavelength of 1.540 A and energy of 
8.04 keV; an absorber foil filters out unwanted wavelengths generated such as the 
Kaa, Kpi, forming a monochromatic beam. Monochromatic X-rays interact with the 
crystalline material in a manner proposed by W. L. Bragg, following Bragg's law as 
[238]:
nA.= 2dsin0 (3.1)
Where n is the order of diffraction, X is the wavelength of the monochromatic rays, 
d is the spacing between the atomic planes and 0 is the angle formed by the 
incident ray with the diffraction plane. 0 is the angle recorded and knowing X, dhki 
may be calculated.
The proprietary software for the Rigaku miniflex diffractometer is used to measure 
and recorde the X-ray diffraction pattern. The software allows post - processing 
options such as background radiation correction and the calculation of integrated 
peak intensities. A reference card index system is used to assign the crystal 
structure, indicating the size and perfection of their constituent crystallites and 
monitoring material phase. The X-ray diffraction pattern for BaTi03 was recorded
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at 30 kV, 15 mA for Cu Ka (1.540 A) with a scanning speed of 0.3o/min with a step 
size of 0.01° in 15 - 70° 20 at room temperature.
3.2.2 Scanning Electron Microscopy (SEM)
The specimens for the current work were observed using various SEM apparatus 
used as listed in Table 3. All the test specimens were manufactured from polymer, 
and gold coated to achieve a conductive surface as mentioned in Section 3.1.2. 
Most of the test samples were observed at 25 kV accelerating voltage for the 
optimum resolution.
Table 3: SEM apparatus used for observation of test specimens
Instrument Manufacturer Type Operating Pressure (MPa)
Accelerating 
Voltage (KV)
Hitachi S-2460N Hitachi Ltd. Japan Standard 2.7xl0'4 0-30
JOEL JSM-6610 Joel (U.K.) Ltd., England Field Emission with EBSD 2xl0‘4 - 3xl0'4 0.3-30
JEOLJSM 7001f Joel (U.K.) Ltd., England Field Emission with EBSD 5xl0'5 0-40
3.2.3 Surface Profilometry
A white light interferometer (Wyko NT3310, Veeco, United States of America) was 
used for the examination of surface topography. The system contains an 
interferometer that splits a coherent beam of light from an existing source into two 
beams and recombines them after passing over the specimen as shown in Figure 
27. The fringed pattern generated by the interference of the beams is similar to a 
contour line on a map, indicating topography of a surface.
This system was used to measure the surface roughness of the specimens. The 
machine can run phase shift interferometry (PSI), vertical scanning interferometry 
(VSI) and a combination of both PSI and VSI in an approach known as enhanced 
vertical scanning interferometry (EVSI). For the current work, VSI mode was used at 
50x magnification.
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Figure 27: Simplified arrangement of Wyko NT3310 interferometer 
3.2.4 Piezoelectric Measurement
The piezoelectric coefficient CI33 was measured using a piezometer (Piezometer 
PM300, Piezotest, United Kingdom), consists of a force head connected to an 
electronics unit with a display panel showing the piezoelectric property under 
observation. The specimen is inserted between force heads and clamped by 
winding the armature, closing the gap between the specimen and the curved force 
head. The piezometer offers a wide range of operational flexibility, and has a 
measuring range of 10 pC/N to 1000 pC/N. The test frequency of 110 Hz was 
chosen for measurement with a force of 0.25 N. The frequency of the apparatus
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can be varied from 30 Hz to 300 Hz. Since d33 is temperature dependent, the force 
heads contain a reference sample, which compensates for the effect of 
temperature linearising response. The measurements of piezoelectric materials 
were carried out at standard temperature and pressure.
The system has four operational modes d33, capacitance, loss (Tan 6) and their 
combination can all be measured and displayed. The force heads are connected to 
positive and negative input terminals that were connected to the differential 
amplifier circuit. This circuit prevents mains borne interference from being 
amplified and reduces the effect of any stray fields.
3.2.5 Tensile Testing
Mechanical properties of the photopolymer specimens built on the envisionTEC 
were assessed using a uniaxial testing machine (Instron 3342, Instron, United States 
of America). The tensile test specimen was held between two wedge grips. The 
dimensional details of the test specimens were fed into the software. A computer 
controls the strain rate of the test specimen, while it undergoes testing and the 
computer software simultaneously records the test data.
A standard operating procedure was defined in the software controlling the 
machine. All the dimensional details of test specimen such as gauge length and 
cross sectional area in the gauge length were input and the crosshead speed was 
set to 1 mm/min. Once the specimen was clamped into the machine, the location 
of the clamps was set to 0 and the tensile test was started. The data from the 
measurement was saved in the computer and exported as CSV file for further 
analysis.
3.2.6 Particle Size Analysis
Particle size analysis of the powder was completed using a laser diffraction based 
particle sizing machine (Mastersizer 2000, Malvern instruments Ltd., United 
Kingdom). The analysis of the particles is driven by standard operating procedure
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(SOP) for laser diffraction particle sizing [232]. The parameters defined in the 
operating procedure for measuring BaTi03 powder are shown in Table 4 below.
Table 4: Parameters Defined Measuring Barium Titanate Powder.
Parameters Defined in the SOP Value Units
Powder Density 5850 kg/m3
Refractive Index - 2.42
Pump Speed rpm 3500
Ultrasonic Displacement pm 0
Number of Observations - 10
In laser diffraction, the particles diffract the laser beam and the diffraction angle of 
the beam is inversely proportional to the particle size. Photo detectors, positioned 
to achieve maximum resolution across the broad range of particle sizes, detect 
these diffracted beams measuring the diffraction angle of the beam. The system 
can measure particle size ranging from 0.02 pm to 2000 pm, based on Mie 
scattering model for the calculation of particle size for wide range of scattering 
angles. Mie scattering theory considers light scattered by an isotropic sphere 
surrounded by the homogeneous medium. Although this theory consider only 
perfect spherical particles, it is has been used to measure scattering and absorption 
properties of non - spherical particles.
3.3 Poling Apparatus
In order to generate a piezoelectric effect, the piezoelectric composites must be 
poled under a high electric field at constant temperature. For smaller size 
composites, geometric field amplification leads to frequent voltage discharges 
making the poling of small composite components challenging. A poling station 
was designed and manufactured based on the poling methodology described in 
Chapter 2 and shown in Figure 4. The approach was suitable for holding a high
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voltage (typically 30 kV) across the small size composites at elevated temperatures. 
Poling of these composites whilst completely submerged in silicone oil reduces the 
probability of a voltage discharge through the air as silicone oil has a higher 
permittivity than air.
Silicone oil (CAS 63148-62-9) (Sigma Aldrich, United States of America) 100 wt%, 
was used as the poling medium up to 200 °C in the poling apparatus. It is a clear, 
colourless, odourless liquid that is insoluble in water and has a flash point of 300 °C.
The construction of the poling apparatus is show in Figure 28. The composite is 
submerged in the beaker with the voltage terminals in contact with the composite. 
The electric field was generated by a power supply (Alpha Series, Brandenburg Ltd., 
England) and is applied across the composites while they are submerged. The 
beaker is lowered in to the oil bath (SEBA, United Kingdom) until the temperature 
in the beaker reaches the poling temperature. The beaker is then removed from 
the oil bath and cooled to room temperature without removing the electric field 
from the specimen.
Figure 28: View of CAD Model of Poling Apparatus (Left) and Fabricated Assembly of
Poling Apparatus (Right).
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The BaTi03 composites were poled as descried below:
• The specimen is held between the voltage terminals
• The specimen is submerged in the beaker filled with silicone oil
• The voltage is applied across the specimen with the poling voltage kept 
constant for each run
• The oil bath is switched on and the silicone oil is heated in the oil bath to a 
predetermined poling temperature
• The beaker is lowered in to the oil bath
• Once the silicone oil in the beaker reaches the test temperature, the beaker 
is lifted upward out of the oil
• The silicone oil in the beaker is cooled to room temperature without 
removing the voltage field across the piezoelectric specimen
• Once the temperature of silicone oil reaches room temperature, the voltage 
field is switched off and the composite material is removed
• Each run is conducted at a constant voltage field and a specific poling 
temperature
3.4 Materials Manufacturing
The following section describes the materials used in this study.
3.4,1 Barium Titanate
Barium titanate (99%) powder - BaTi03 (99.9%-Ba) (CAS - [12047-27-7] FW: 233.21) 
(Strem Chemicals Inc., United States of America) was used in the current work. The 
powder is opaque white in appearance and has Curie temperature of 120 °C ± 4 °C. 
Figure 29 below shows the particle size analysis for the BaTi03, shows that the 
majority of the particles are in the range 0.3 pm - 6 pm, with a mean of 1.75 pm. 
Small percentage of the particles of the order 10 pm is apparent in the sample 
analysed.
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Figure 29: Particle Size Analysis for BaTi03 Ceramic Powder
The BaTi03 ceramic is mixed with photopolymer resin to produce composite 
specimens. Since, this work concentrates on manufacturing of devices with 
features on the micron-scale, the particle size of BaTi03 is crucial as it affects the 
minimum feature size possible with the manufacturing equipment.
X-ray diffraction was used to confirm the phase of the BaTi03. The diffraction 
pattern is shown in Figure 30 confirms the tetragonal phase of piezoelectric BaTi03, 
(reference card no 5-626, STOE WinXPOW, version 1, Germany). Hence the powder 
is piezoelectric.
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Figure 30: XRD Analysis of BaTiOs Ceramic.
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3.4.2 Photopolymer
The photopolymer used in the DIP system is suitable for 50 - 150 pm voxel 
fabrication on the envisionTEC system. It is an acrylic resin having a material 
composition of Pentaerythritoltri / tetra-acrylate (CAS 4986-89-4) + 1,1,1 
Trihydroxymethyipropyl - triacrylate (CAS 15625-89-5, 3524-68-3). It is otherwise 
known as polymethylmethacrylate (PMMA) and is supplied by envisionTEC using 
the pseudonym R5 - a general purpose building material for production of RP 
models.
Perfactory R5 is a dark orange in colour with a density of 1215 kg/m3 and a glass 
transition temperature of 120 - 150°C (DIN53765). It is viscous liquid with a 
viscosity of 643.1 mPa.s (DIN 1342-2).
3.5 Slicing Software
Software tools used for slicing of CAD files and loading job files and the proprietary 
software Perfactory StartCenter along with a bespoken software tool for adaptive 
slicing are discussed below.
3.5.1 Perfactory StartCen ter
Perfactory StartCenter was used in the current investigation. It is the proprietary 
software that is used for uploading component job files onto the envisionTEC 
machine. The CAD file is processed as discussed in Section 3.1.1.
3.5.2 Customised Slicing
The adaptive slicing algorithm (ASA) was based on the standard machining 
algorithm for CAM-style slicing. It was originally written on the Spiral Growth 
Manufacturing (SGM) project for rotational printing in C++ and Python [233]. It is 
based on conventional computer aided manufacturing (CAM) and requires the 
specification of a tool geometry to produce the slice data. The algorithm considers 
a contour data at a height "Z" by forming a grid slightly larger than the cross section
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of the component. The contour or tool path is then calculated from the tip centre 
by passing the tool along grid lines as shown in Figure 31. Contour points are 
identified when the tool shape intersects the surface of the STL file.
Figure 31: (a) Location of Slice Height in Z Direction, (b) Slice Contour and Grid, (c)
Calculation of Contour Data With Tool Tip.
The resolution of the contour data is governed principally by the resolution of the 
grid, which is user specified. The size of the tool tip determines how efficiently the 
tool can navigate small features and internal corners. For the current work, the grid 
resolution was set to 0.01 mm and the selected tool was described as a flat disk 
with a radius of 0.05 mm. These parameters were chosen as a trade-off between 
slice calculation and contour resolution. The observed processing time of 8 minutes 
to generate data was comparable to the standard PF slicer.
Build accuracy, resolution and build time were improved by adopting additional 
features such as detection of Z height position of all horizontal surfaces as shown in 
Figure 32a. The layers considered for ASA can be either defined manually, or can 
be automatically modified by reducing the stepping effect with the geometric 
profile of the STL file (Figure 32b). This is achieved by calculating the largest step 
value between the current layer Zhi and the layer below Z|0 (Figure 32c). If the step 
change is greater than a user defined threshold value then a second slice is taken 
half way between Zhi and Z|0 and the calculation repeats. The iterations continue 
until the maximum step change equals or falls below the assigned maximum value. 
All contour data for the layers is stored within a single directory where keys (Z 
height and contour type) point to the data point arrays.
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Figure 32: (a) Detection of Flat Planes, (b) Adaptive Slicing and (c) Calculation of
Slice Height in Adaptive Slicer.
The adaptive slicing methodology requires new process parameters because of its 
ability to vary the layer thickness. Different parameters are used for the various 
layer thicknesses. In order to define a set of new parameters for these layer 
thicknesses, the standard Perfactory settings were adopted. The parameters 
recommended for the material were used for manufacture of test specimens with 
the time of exposure (T-Exp) interpolated from standard Perfactory, settings for 25, 
50 and 100 pm layers. The curve shown in Figure 33 was fitted to the data from 
Table 5.
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Table 5: Default Exposure Time and Projector Brightness Used for Calculation
Parameter 25 pm Layer 50 pm Layer 100 pm Layer
Burn-in Range Exposure Time (ms) 7000 10000 12500
StandardRrange Exposure Time (ms) 3000 4500 6500
Projector Brightness (mW/dm2) 530 - 580 530 - 580 530-580
7000
6000
2 4000
o 2000
Layer Thickness z, (|im)
Figure 33: Exposure Time Interpolation From Recommended Values of Perfactory.
Like Perfactory StartCenter, the ASA code is simple to use. The protocol below was 
followed when preparing ASA files:
• Open the STL file in the ASA software tool
• Choose the format for the job file option (*.zip file or *.job)
• Specify radius and offset of the slicing disk
• Define the slice resolution, slice difference and layer thickness
• Define build parameters using data shown in Figure 33
• Generate the job file
• Transfer the job file using Perfactory Direct
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The bit map image generated from the slice data of the part by applying an imaging 
function to the contour and creating image masks for each layer. Once all of the 
image masks are generated, they were saved along with an XML file that contains 
all machine and layer parameter settings that creates the job file. Images were first 
scaled according to the resolution of the DMD processing chip and the size of the 
projected area of 1400 x 1050 pixels. An image in PNG format, suitable for the 
resolution of the DMD chip, is then created with all pixels initialised from the origin. 
Filled polygons are created in each black & white image representing the layer to be 
manufactured. White represents the cured material that is hardened and black is 
uncured material. Since each sliced layer was formed from a centralised PNG 
image, the potential to build multiple parts in a single build operation is currently 
not supported.
There is one noticeable difference between the ASA software and standard 
software. In comparison to the typical Perfactory bitmap, the images generated on 
the ASA software, have different edges (Figure 34). Image masks created using the 
ASA program were comparable with image masks created using the PF slicer in 
terms of density. However the Perfactory system had a lower intensity grey scale 
border that was absent in the ASA system.
a b
Figure 34: (a) Perfactory Image Mask Showing Grey Scale Border and (b) ASA Slicer Image
Masks Showing No Border.
This grey or blurred edge was thought to be due to the standard software working 
in enhanced resolution mode (ERM). The ERM implemented by the PF slicer is 
intended to improve part resolution and surface roughness. When the ERM is
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active, the Perfactory software suite processes each layer twice. Each repeated 
layer is digitally offset from the first by shifting the projection the image by one 
pixel in both x and y directions, having higher intensity in the second image mask. 
Unfortunately, no information was available for ERM mode in the present study.
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Chapter 4
4.0 Additive Manufacturing of Micro Fluidic Reactors
Micro reactor engineering has been gathering increasing attention from chemists 
and engineers across the world [148][241]. Experimental development of micro 
reactors has enabled new methods to control chemical reactions, exploring the 
possibility of achieving high yield with low chemical volume and high-energy 
efficiency [242]. This has been particularly evident for systems involving hazardous 
chemicals where micro reactors offer an alternative to their large-scale 
counterparts. This chapter considers the suitability of the digital light processing 
(DIP) system for manufacturing micro reactors. The results obtained from various 
analytical techniques are discussed further.
4.1 Preliminary Micro Fluidic Devices
Preliminary work involving the manufacture of micro fluidic devices by DIP has 
been undertaken to assess factors such as the build rate and feature size [237]. 
Here micro fluidic devices were manufactured from standard R5 polymer with an 
optical lens of 60 mm focal length, as described in Section 3.1.1.
4.1.1 Design of Preliminary Microfluidic Devices
The preliminary reactor consists of a main channel connected to intermediate side 
channels. The main channels were 100 pm wide connected to 25 pm wide small 
channel and side channels of 20 pm width. The nomenclature used for these 
channels is shown in Figure 35 and Figure 36. In order to assess the effect of the 
build direction, the reactors were manufactured in four orientations namely, 
horizontal (sample 1), vertical (sample 2), 10° (sample 3) and 20° (sample 4) as 
shown in Figure 36.
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Small Channel
Main Channel
Side Channels
Figure 35: Nomenclature for Micro Channels Manufactured in Preliminary Samples [243].
Sample 1. Horizontal
Figure 36: Nomenclature for Preliminary Micro Fluidic Devices Manufactured at Varying
Orientation [243].
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The channel dimensions of the as-built samples were measured using the Wyko 
NT3300 white light interferometer and optical microscopy at the University of 
Cambridge [237]. The optical micrograph in Figure 37 shows that the DIP 
methodology is suitable for manufacturing microfluidic channels. The boundaries 
of the main channels were sharp and clear. However, the edges of side channels 
and smaller channels were uneven having a serrated appearance. This effect 
becomes more prominent in sample 2, sample 3 and sample 4.
Figure 37: Optical Micrographs of a) the Main Channel, b) Main Channel and Side 
Channel, c) Small Channel and d) Magnified View of Side Channels [243].
4.1.2 Interferometry of Micro Channels
It was also observed that the width of the micro channel was larger than specified. 
Table 6 shows a comparison between specified and as built dimensions. The cross 
sectional profiles for most of the channel were either "U" or "V" shaped. Shown in 
Figure 38.
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Profile [243].
The result shows that the width of the main micro channels was larger than 
intended as shown in Table 6. The discrepancy was found to be as high as 50%. 
The dimensions for the small and side channels were however difficult to quantify 
due to the surface roughness caused by the serrated edges. Micro channels with 
20 pm and 25 pm widths on inspection were found to be almost blocked with 
partially curved resin. The surface roughness, analysed by the white light 
interferometry, shows an increase with an increasing inclination for the 
manufactured micro channels. Table 7 summarises these results.
Table 6 and Table 7 indicate that measurement of some of the features was not 
possible. The apparent surface roughness could be the result of stair stepping 
effect that was prominent in main channels. The roughness measured for main 
channel and side channel was similar for sample 4, irrespective to the size of the 
channels. Horizontal manufacturing was the preferred direction as it gives the 
lowest surface roughness.
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Table 6: Comparison of Required and Measured Dimensions of the Micro Channels
Samples Channel Width, (pm) Depth, (pm)
As Designed
Small 25 100
Main 100 100
Side 20 100
Sample 1 - Horizontal
Small 67 8.8
Main 157 93
Side Not measured 5
Sample 2 - Vertical
Small 80 21
Main Not measured Not measured
Side Not measured Not measured
Sample 3 -10° Inclination
Small 90 24
Main Not measured 34
Side Not measured Not measured
Sample 4 - 20° Inclination
Small 88 24
Main 125 29
Side Not measured 12
Table 7: Surface Roughness Measured for The Micro Channels.
Interferometer measurements for the small channel of sample 1 are shown in 
Figure 38. A noticeable U-shaped profile is apparent for the small channels and the 
surface roughness of 1 pm is observed on the flat surface. However, Wyko
102
micrographs (Figure 39) observed for the main channel shows an inability to 
measure the surface of the steep sides because the method is essentially line of 
sight.
Samples 2 and 4, in Figure 40 and 41 respectively, show an asymmetric cross- 
section, with one edge of the channel having a greater slope than the other. The 
stair stepping effect is evident in the micrograph for sample 2 and 4 (Figure 40-41).
Figure 39: Surface Profile of Main Channel of Sample 1 Showing Black Region of Lost Data
Due To Slope [243].
4.1.3 Discussion
The conclusions from the analysis of the micro fluidic devices manufactured in four 
different orientations, is that the horizontal manufacture is the preferred 
orientation. Although the accuracy of some features on sample 1 was poor, notably 
the depth of the channels, the symmetry of the channel cross-section was superior.
The micrographs shown in Figure 40 and Figure 41 shows polymer structure 
extending from the channel surface. As the channels in both the Figures were
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fabricated vertically, these extended surfaces were formed due to over curing of 
the layers above the geometry, partially curing the layer below, leaving some semi- 
cured resin behind after cleaning. The stair stepping effect occurring in the sample 
2 and 4 evident in Figure 40 and 41, also show poor surface resolution and part 
quality in vertical direction. Further, the layers manufactured in the vertical build 
were insufficiently supported and fails due to lack of strength to retain its shape, 
results in formation of curved profile as evident from Figure 40.
In order to increase the resolution of the machine, the optics was modified. This 
was achieved by the use of an optical lens with a focal length of 85 mm resulting in 
a resolution of 20 pm. However, the build envelope also reduces significantly as 
shown in Table 1. This configuration offers the best resolution for manufacturing of 
builds with fine details and small feature sizes. Similarly, using thinner layer 
thickness for manufacturing will reduce the stair stepping and hence reduces 
surface roughness of the manufactured components.
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Figure 41: Surface Profile Observed for Main Channel of Sample 4 [243].
4.2 Development of Micro Reactors
In the present work, a mixer reactor was developed as a bioreactor for the seeding 
and growth of cells. A detailed discussion on the design and assembly of polymer 
micro reactors along with the experimental set used for bioreactor application is 
presented. This follows by the results validation the use of micro reactor for cell 
growth application.
4.2.1 Design of Polymer Micro Reactors
The mixer reactor was designed with micro channels, which were open at the top 
and bottom faces. Both the plates of the micro reactor were then fixed to a glass 
slide by spin-coating a layer of epoxy adhesive onto the slide ensuring a uniform 
thin adhesive layer over the glass surface to avoid blocking the reactor channels 
with excessive adhesive. The top plate of the reactor has a separate channel similar 
to the bottom plate and was designed in such a way that it closely fits onto the 
bottom plate that locating on the protruding connection boss. The reactor consists 
of two inlet connecting ports and one outlet port, shown in Figure 42. Both the
105
inlet channels form a "T" joint, which facilitates the mixing of fluids before entering 
the main channel. The inlet and outlet port on the bottom plate enters the system 
via a rectangular extension, which acts as a connection boss for the inlet ducts; and 
also as a locating lug for the top plate of the reactor. Inlet and outlet ports for both 
channel parts were designed to accept pieces of 1/16 PEEK connector tubing.
Bottom Glass-----> Bottom Plate
Figure 42: Exploited View of the Polymer Micro Reactor Assembly.
The polymer micro reactor was manufactured using the DIP system fitted with an 
85 mm lens from the standard R5 polymer resin at 25 pm layer thickness. The 
reactors were manufactured in horizontal direction outlined in Section 3.1.1 to 
ensure sufficiently accurate feature resolution. The manufacturing time for each 
plate of the micro reactor was 3 hours. Following the description given in Section 
3.1.1 completed the post-manufacture cleaning and curing of the micro reactors. 
Figure 43 shows the completed assembly of micro reactor used for bioreactor 
application.
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Figure 43: A View of Glass Lined Polymer Micro Reactor Connected to Inlet and Outlet
Ports.
4.2.2 Experimental Arrangements
The polymer micro reactor was tested at the University of Bath [244]. The device 
was connected to an automated perfusing circuit via which the reagent chemicals 
were continuously supplied to the cells growing on the scaffold. The typical 
chemical constituents used for the process are listed in Table 8.
The complete process arrangement is shown Figure 44. The micro reactors and 
ROMS were sterilised by passing 70% ethanol and washed with sterile phosphate 
buffer saline (PBS). A poly di-methyl siloxane (ROMS) membrane of 20 mm x 
22 mm in size was sterilised in situ, whilst placed between the both the plates of 
the reactor. A ROMS film of 120 pm thickness was placed between the reactor 
plates as a growth surface during the process. Autoclaved tubing was used to 
connect the reactor to the vessel and pump, which is schematically shown in Figure 
45. The chemicals were circulated through the top and bottom plate of the micro 
reactor by a computer controlled system.
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Table 8: List of Chemicals Supplied for Growth of Cells in Tissue Culture
Name Use
DMEM A mixture of chemicals used to maintain cells in tissue culture
PBS To maintain ionic concentration of the medium
Trypsin Widely used for dissociation of tissues usually combined with EDTA
EDTA Helps in removing the cell from the growth surface
PDMS Membrane used as cell growth surface
Dual Path UV Solenoid PC Controlled
Detector Pump Valves System
Fraction Micro Reservoirs in Temperature
Collector Reactor Control Bath
Figure 44: Experimental Setup of Polymer Micro Reactor [244].
108
COMPUTER
Light Raman 
Microscopy
Cell
Suspension
DMEM Trypsin70%
Ethanol
Micro Reactor
UV Detector Sample
Port
Figure 45: Schematic Process Layout for Micro Fluidic Polymer Reactor [244].
Once the polymer micro reactor is connected to the reservoirs, it can be used to 
provide specific functions, such as sterilisation, delivering cell media, cleaning and 
enzyme isolation. The reaction progress in the micro reactors was analysed using 
dual path UV detector located before the fraction collector where samples were 
collected at various set times throughout the experiments. Dimensional details of 
the micro reactor are shown in Figure 46.
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Figure 46: Dimensional Details of Micro Reactor.
The cells were initially seeded at 4.8 x 106 in 5 ml of medium, by perfusing at 
0.025 ml/min and left to attach overnight under incubation conditions. They were 
then directly seeded in to the micro reactor from a suspension of diluted cell 
growth medium using a sterile hypodermic syringe and left to attach overnight 
before perfusion of growth nutrients. Cells were left to attach for nearly 10 hours 
before perfusing medium at 0.025 ml/min. Under incubation at 37 °C and 5% CO2, 
cells were seeded in the micro reactor by switching a 3 way valve to add cell 
suspension to the reactor. Subsequently, the valve was closed and perfusion 
medium was circulated thought the reactor.
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4.2.3 Results
Below are the images of different regions on the micro reactors in Figure 47 
showing distribution of MG-63 mammalian cells attached within the micro reactor. 
Figure 47a shows cells at a junction where the 2 inlet ports meet, Figure 47b a view 
of first turn in the channel, Figure 47c is a view of channels and Figure 47d is the 
view of channel after flow at 0.025 ml/min.
250 nm d) 250
Figure 47: Images Showing Cell Growth Channels of the Micro Reactor a) at the Junction, 
b) at First Turn, c) Main Channels and d) Magnified View at Single Channel [244].
Molecular weight of the diluted cell growth medium in the reactor was recorded 
using high performance liquid chromatography (HPLC) with a UV (280 nm) detector 
is shown in Figure 48. These observations were each recorded for 20 minutes at 
various time points as the cells grew in the reactors. As expected, the cells 
attached to the surface of the PDMS membrane in a reasonable large number with 
a density of 450 x 103 /ml.
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Figure 48: HPLC Molecular Weight Profile of Diluted Cell Growth Medium From the
Reservoir [244].
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Scanning Electron Microscopy of the cells attached to a PLGA membrane at various 
locations are shown in Figure 49 confirms the growth of cells in the micro channels 
and attached to the membrane located between the plated of the micro reactor. 
Figure 49a shows a conglomeration of cells, Figure 49b is an imprint of the micro 
fluidic channels on membrane, and cells attached to the surface of the membrane 
are shown in Figure 49c & d.
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Figure 49: SEM Images of MG63 Mammalian Cells Growth Showing a) Conglomeration of 
cells, b) Impression of Channels on the Membrane Surface, c) and d) Cells Attached on the
Membrane Surface [244].
4.3 Improving Surface Roughness by Adaptive Slicing
The influence of surface roughness of smaller width channels on fluid behaviour is 
well documented in the literature [166-180]. Improving surface roughness has 
been shown to improve fluid flow behaviour in the micro channels. From the 
observation made on the development of the preliminary micro fluidic devices, 
stair stepping on polymer parts manufactured by the DIP system causes surface 
roughness. However, it may also be due to the escape of volatile materials, while 
curing from the polymer component. Manufacturing the part in thin layers will 
reduce stair stepping effect, therefore, reducing the surface roughness.
Using this approach to reduce the surface roughness and to enhance the 
performance of the micro reactors was not possible with the standard Perfactory
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software. An adaptive slicing algorithm (ASA) was used to reduce the stair stepping 
with the aim of delivering a real time variation in layer deposition. The 
methodology of adaptive slicing was discussed in Section 3.5.2.
4.3.1 Experimental Specimen Preparation
In order to set the build parameters for the various layer thicknesses using ASA, a 
pragmatic approach was taken. For comparison of the PF slicer and ASA a series of 
experiments were carried out. Cubes of 10 mm width were fabricated with 
different layer thickness (15 pm, 20 pm, 25 pm, 50 pm and 100 pm) both with and 
without ERM. Average surface roughness "Ra" values were measured on faces 
perpendicular to the build direction.
A series of specimens of size 24 mm x 6 mm x 8 mm, were also constructed which 
contained a number of channels of square and circular cross section, varying in 
square side length / diameter from 0.1 mm to 1.8 mm is shown in Figure 50. The 
channel sizes and shapes were representative of typical micro reactor channels and 
were built to investigate shape integrity, accuracy and surface roughness. To 
optimise the build time, the layer thickness of the specimen was set at 100 pm and 
the layer thickness was then reduced to values of 15 pm and 20 pm in regions in 
the vicinity of the channels. Building the test specimens in this way may reduced 
the time of build by several hours. The manufacture time for specimen containing a 
combination of 100 pm and 20 pm layers thickness was reduced from 8 hours to 
7 hours for a the block.
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a) b)
Figure 50: (a) Square / Circle Channel Block and (b) Sliced Square / Circle Channel Block
Showing Variable Layer Thickness.
4.3.2 Results
The surface roughness measured for these specimens is given in Figure 51. It was 
clear that the surfaces manufactured in ERM mode showed improved surface 
roughness manufactured with thinner layer thicknesses.
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Figure 51: Root Mean Squared (Ra) Surface Roughness Values for Vertical Walls.
There were however some notable observations such as the surface roughness of 
vertical walls in parts produced using ASA were less dependent on ERM being 
active. This is especially noticeable at a 100 pm layer thickness where turning ERM 
off, gave a considerably better surface finish. Furthermore, for every cube built,
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the surface roughness was smoother in ASA test samples than equivalent PF slicer 
specimens. This may be due to the absence of grey-scale border around image 
masks created using the PF-Slicer suggesting that the reduced exposure intensity 
per unit time at part edges, gives rise to less pronounced voxels at these locations. 
The grey - scale border increases the surface roughness in vertical walls, resulting in 
the greater discrepancy in surface roughness between the ERM and the slicing 
techniques at larger values of layer thickness. The micro shift in light intensity 
between consecutive layers, when the ERM is active, may also exacerbate the 
problem.
Typical micrographs showing the effect of ERM are shown in the Figure 52. The 
micrograph shown in Figure 52 compares the surface profile of the specimens 
prepared by using the PF slicer and ASA software. The specimens manufactured by 
PF slicer using 100 pm layer shows higher degree of variation with many notch's 
being formed the layers as compared to ASA software which has significantly less. 
The specimen manufactured in 50 pm and 25 pm using PF slicer shows higher 
surface strain caused by over curing of polymer. The surface profile for 50 pm and 
25 pm specimens manufactured using ASA software showed improved surfaces. 
Similar observations were measured for the specimens manufactured in 20 pm and 
15 pm layers. In both the cases, the surface profile was relatively uniform with no 
signs of surface strain by excessive curing.
Figure 52 verifies that the surface roughness of specimens manufactured with 
ERM - on and ERM - off, for 100 pm and 50 pm layer thickness were largely due to 
the notches formed between the layers, resulting in a surface roughness (Ra) 
varying from 2.27 - 1.00 pm and 2.12 - 0.62 pm, respectively. Specimens with 25 
pm layer thickness however shows the surface roughness is not resulting from 
notches between the layers but the surface strain, thereby reducing the roughness 
in the range 0.91 - 0.37 pm. Reducing the layer thickness further reduces the 
surface roughness, which is apparent from the micrographs of the 20 pm and the 
15 pm specimens.
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Figure 52: WYCO Images showing Surface Roughness Measured for Specimen with
Various Layer Thickness
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4.3.3 Discussion
The observation shown above also suggests that reducing the layer thickness below 
20 jim does not improve surface roughness. On the contrary, the surface 
roughness deteriorates further possibly because the calculated values of exposure 
time were interpolated from only three data points, which is likely to give 
inaccurate results. This may also explain some surface discontinuities observed on 
part surfaces that are caused by shrinkage stresses from an overexposure of thin 
layers.
Micrographs of typical examples of square and circular channels are shown in 
Figure 53. The square cross-section channels exhibited improved shape when built 
with image masks generated using the ASA. In general, the square channels 
displayed a uniform cross-section throughout their vertical height.
Figure 53: Micrographs Showing Circular and Square Channels Manufactured Using ASA.
The square channels were successfully manufactured using job file prepared by 
ASA. On the contrary, the profile of circular channels was irregular and distorted 
showing the stair stepping effect, which is apparent from Figure 54, where the 
circular channel was manufactured in 15 pm layers. This is probably attributable to 
the missing grey scale border in the PF slicer image masks. As the reduced 
exposure intensity per unit time at part edges acted to smooth (or the more likely 
to "blur") the stair step effect associated with an inclined or circular geometries 
since the voxels become less pronounced. The shift in the projected image by one 
pixel in an active ERM aids smoothening of inclined or circular geometries.
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Figure 54: Micrographs of Channel Manufactured in 15 Jim Layers Using ASA with a)
l Square Geometry, b) Circular Geometry.
4.4 Conclusion
The preliminary development of micro fluidic devices using the DIP system 
addressed the improvements necessary to enable the manufacture of micro 
channels. The lens with 60 mm focal length was replaced with 85 mm focal length 
lens to increase the resolution of the system to 20 pm.
Micro reactors manufactured using the DLP system have been used in a bioreactor 
application. Successful growth of MG63 mammalian cells was observed in the 
micro reactor manufactured. The current specification of the DLP system limits 
manufacturability and application for micro fluidic device due to the limitation on 
layer deposition thickness. A bespoken adaptive slicing algorithm (ASA) was 
prepared to address these limitations and to explore the possibility of improving 
surface roughness and component resolution.
Surface roughness and irregularity experienced using the Perfactory software suite 
were tackled by offering deposition of layers outside the standard range. Surface 
roughness was found to improve significantly at thinner layer thicknesses. 
Although the ASA has been successfully demonstrated to improve the surface 
roughness of parts, it failed to minimise the stair step observed in the circular 
channels. ASA is therefore still far from being a complete solution and it requires 
further work to achieve improved performance.
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Improvements in surface roughness were found for thinner layer deposition 
thickness, but reducing layer deposition to less than 20 pm did not improve 
roughness further. It can therefore be concluded that the limiting threshold layer 
thickness for the DLP based AM technique is 20 pm, based on the data presented in 
this research.
Manufacturing of micro reactors by DLP at the improved resolution and hence 
feature size was successfully obtained using the DLP system. This was shown to be 
effective in a purpose-designed micro fluidic system, for the seeding and growth of 
cells on a scaffold. It can therefore be concluded that DLP is a sensible approach for 
the chemical reactor if several additional features can be made available.
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Chapter 5
5.0 Additive Manufacturing of Functional Polymers
Functional composites are conventionally manufactured in a mould by pressing at 
high temperature. This chapter investigates the development of functionally active 
ceramic - polymer composite using the digital light processing (DIP) based AM 
technique described earlier in Section 3.1.1, which operates at standard 
temperature and pressure (SIP). Material was manufactured at a range of loadings 
and fabricated by conventional route at STP. This identified the maximum powder 
loading achievable by the DLP system. Once the maximum loading by the 
conventional method was identified, ceramic composites were fabricated using 
DLP.
Specimens for both, polymer alone and polymer - ceramic powder mixture {R5 - 
BaTi03) were manufactured and analysed for the influence of the build orientation 
on the mechanical properties. A series of experiments was also performed to 
measure the electrical properties of the composite specimens developed by DLP. 
The specimens were measured for their piezoelectric and ferroelectric behaviour, 
at various temperatures, electric fields and frequencies. The piezoelectric 
properties such as piezoelectric coefficient (dss), capacitance (C) and dielectric loss 
(tan 6) were recorded by applying a direct current (DC) electric field. The 
ferroelectric behaviour was measured by applying an alternating current (AC) 
electric field. The observations for piezoelectric and ferroelectric behaviour were 
compared with the literature survey to identify their usability for functionally active 
devices. Mechanical and electrical behaviour of the functional specimens by DLP 
will aid for the development of functional devices using this novel approach.
5.1 Moulding for the Manufacture of Functional Polymers
In theory, packing density of up to 0.9 volume fraction is achievable as discussed in 
Section 2.2.2. In practice however, ceramic - polymer composites fabricated by 
moulding at high pressure sintering have particles randomly arranged in the
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polymer matrix. The maximum density of 0.6 has been successfully reported in the 
literature [54]. In the absence of high pressure sintering, fabrication of composite 
material with the density of 0.6 may not be achieved. This section, therefore, 
investigated maximum loading of the particles that can be manufactured at STP.
5.1.1 Experimen tal Methods
In order that a clear comparison could be made between the AM route and more 
conventional methodologies, moulding was used to manufacture ceramic - 
polymer composite specimens with an aim of identifying the maximum load of 
BaTi03 that could be achieved at STP. A series of specimens were fabricated by 
mixing varying loads of BaTi03 ceramic with the liquid photopolymer R5 and curing 
in a mould of 20 mm x 20 mm x 1 mm. The moulds were placed in a vacuum 
chamber. A vacuum was then gradually reduced to 13.33 MPa and held for 
3 minutes. The vacuum was then rapidly released to the atmospheric pressure 
effectively removing air from the liquid mixture. This process was repeated 5 times 
and the specimens were cured under ambient lighting condition for 14 days. The 
specimens at a maximum load of 49 vol% (83 wt%) were successfully produced. 
Following this successful, two series of specimens were produced with 49 vol% 
(83 wt%), 45 vol% (80 vol%) and 35 vol% (73 wt%) in order to make a comparison.
5.1.2 Results
Microscopy was performed on the cured specimens as shown in Figure 55 - 57. 
Due to vacuum degassing of the specimens, regions of porosity were observed on 
the surface of the 49 vol% and 45 vol% specimens. These areas were formed during 
degassing the specimens, as a result of viscosity of the material. However, the 
35 vol% specimen shows much less porosity as the polymer was able to fill the 
voids left by the trapped air more easily at these lower loadings. The colour of the 
high-density specimens was uniform throughout; however the 35 vol% example 
shows regions of colour change indicating that only photopolymer, not 
photopolymer and powder was filling the voids created during the degassing, 
leading to non-uniformity of the ceramic distribution in the low density specimens.
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These regions are indicated as "low density regions" in optical micrographs on the 
specimen surface.
Observations also indicate the formation of cracks in the material showing the 
brittle nature of the high-density specimens. These were absent in the 35 vol% 
specimens. This crack formation was due to shrinking of the photopolymer during 
curing.
Porosity-
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Figure 55: Micrograph of 49 vol% BaTi03 - Polymer Composite.
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Figure 56: Micrograph of 45 vol% BaTi03 - Polymer Composite.
4
Low
density
Regions
Porosity
1 mm
Figure 57: Micrograph of 35 vol% BaTi03 - Polymer Composite.
As indicated in Figure 57, partial curing was apparent in the 35 vol% specimens as 
the polymer require an exposure to a specific wavelength to reach green strength.
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The partial curing of polymer in specimens with 49 vol% and 45 vol% particle 
content, however, were not prominent due to higher loading of ceramic content. 
In order to ensure that these specimens were fully cured, they were further 
exposed to UV light for 45 hours ensuring complete curing. The optical microscopy 
images of these specimens are show in Figure 58 - 60. Exposing the high-density 
specimens to UV, results in a uniform colouration of the specimens. This indicates 
complete curing of the polymer across the specimen thickness. The 35 vol% 
specimens, however, showed a high degree of irregularity at the surface due to 
shrinking of the polymer with a small number of distinct voids with a black 
appearance were observed at various locations. The thickness of 35 vol% 
specimens has also reduced from 1 mm to 0.8 mm. The specimen surfaces at all 
the loading levels were shown to have fewer porous regions.
Figure 58: Micrograph of 49 vol% Specimen Cured by UV.
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Figure 59: Micrograph of 45 vol% Specimen Cured by UV.
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Figure 60: Micrograph of 35 vol% Specimen Cured by UV.
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In terms of mechanical properties, the composite at 49 voi% and 45 vol% particle 
were brittle and difficult to remove from the mould. The specimens from 35 vol% 
composite were flexible and easily retrieved. Observing all the specimens under an 
optical microscopy showed that polymer and ceramic particles were bonded 
together, with very few regions of air entrapment. In particular, the high-density 
specimens, it was noted that as the flowability of the polymer was significantly 
reduced, this led to difficulty in filling the mould completely while simultaneously 
avoiding the entrapment of air. This exercise did however illustrate the challenges, 
including some of the defects that may occur in the composite parts manufactured 
by the DIP system.
The functional activation of 49 vol% and 45 vol% specimens require poling. 
However, their brittle nature meant that they could not be poled. All the unpoled 
specimens were however carefully measured for piezoelectric coefficient d33. 
These specimens failed to show any piezoelectric coefficient in unpoled condition 
confirming their electrical inactivity. A capacitance of 3.0 pF was observed for all 
the unpoled specimens. A dielectric loss ranging between 0.21 - 0.26 was also 
recorded.
The specimens containing 35 vol% ceramic loading were poled at 5 kV (6 MV/m) 
electric field at a poling temperature of 70 °C following the protocol discussed in 
Section 3.3. Poling at higher electric field could not be completed due to electric 
field discharge across the specimens. A piezoelectric coefficient of 4 pC/N was 
recorded at a dielectric loss of 0.25. The high dielectric loss for these specimens is 
an indication of low permittivity of polymer. Similar investigation for the 
manufacture of piezoelectric ceramic - polymer composites by the DIP system were 
undertaken, further discussed in Section 5.2.
5.1.3 Discussion
The ceramic - polymer composite specimens that were manufactured by moulding 
at STP condition confirmed that the maximum density of 49 vol% was achievable. 
These specimens, however, showed reduced mechanical strength, typically
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observed in composites with high loading of particles. The manufacture of the 
specimens by moulding acrylic photopolymer and BaTi03 were also difficult to 
retrieve due to their brittle nature.
The 35 vol% composite specimens showed an optimum particle loading and 
material strength, as they were retrieved from the mould. These specimens, 
however, failed to completely cure at room condition and were exposed to UV to 
ensure complete curing.
Functional activation of 35 vol% specimens showed promise for the development of 
functional composites by DIP. The piezoelectric coefficient of 4 pC/N was 
measured at 6MV/m electric field and 70 °C poling temperature, applying higher 
electric field and poling temperature could result in high degree of functional 
activation.
5.2 Additive Manufacturing of Polymer Composites
Development of a composite material by a conventional route has confirmed the 
manufacturability of up to 49 vol% particle content in the photopolymer at STP. 
The experiment identified challenges that may be encountered while developing 
these materials for DIP. As the composite specimens containing 35 vol% showed 
an optimum mix of mechanical strength and particle loading as compare to 49 vol% 
and 45 vol% specimen, 35 vol% forms the targeted loading that could be achieved 
by DIP.
In order to ensure manufacturability, the development of new build parameters 
had to be identified. These materials were analysed for the distribution of particles 
in the photopoiymer using microscopy. Parts manufactured on the DIP system 
were analysed for dimensional accuracy and feature resolution. Finally, the 
mechanical behaviour of the parts produced was investigated.
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5.2.1 Low Density Functional Composites Manufactured by DLP
The procedure described in Section 3.1.1 was typically used to manufacture the 
material studied. The addition of BaTiOa to the photopolymer changes the 
properties such as density and viscosity, and requires new build parameters to 
ensure effective manufacture. The manufacture of composites could also suffer 
from porosity, as viscosity influences the flow of polymer under capillary action and 
a high viscosity may result in the non - filling of the build envelope, causing air to be 
entrapped between the layers. The shrinking of the polymer during curing may also 
leads to the formation of crack.
The functional material was manufactured by mixing measured quantities of BaTiOs 
powder with measured volume of liquid photopolymer, followed by manual 
stirring. This significantly reduced the flowability and the effective area for the 
exposure of the liquid polymer; therefore restricting the fabrication of high-density 
composites. To identify the optimum loading of the powder in the liquid polymer, a 
series of composites with varying load were manufactured using the DLP system. 
Initially, 16 g of BaTi03 was mixed in 50 ml of R5. Composite blocks of 10 mm x 
10 mm x 1 mm, later reducing to 0.5 mm were manufactured by DLP. The 
composite specimens were manufactured with 25 pm layer thickness in the normal 
way using the DLP system. These were used to assess the stiffness and the survival 
of the thinner components during removal, cleaning and post process curing.
5.2.2 Methodology for Development of Low-Density Composites
During the manufacture of specimens, the loading of powder was increased by 
0.5 g after successfully manufacturing the initial specimens. As expected, the DLP 
system could not fabricate composite materials at the recommended 
manufacturing parameters for R5, hence new parameters were developed requiring 
an increase in exposure time for higher particle loading. In order to identify new 
build parameters to develop composite material by DLP, parameters recommended 
for 25 pm layer thickness of the standard R5 polymer were considered as reference. 
The material containing 5.1 vol% was successfully manufactured using
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recommended build parameters. For high loading of ceramic particles, exposure 
time was increased by 500 ms for run, unless the material was successfully 
manufactured. Table 9 gives the build parameters at various concentrations of 
BaTiOj. Since all the composite specimens manufactured on the DIP system were 
thin, the manufacturing parameters of the standard burn-in range were applicable. 
Figure 61 shows the exposure time used to manufacture the materials described 
here.
Table 9: Comparison of Build Parameters for the Fabrication of Polymer Components and
Particulate Composites
Parameters Liquid Polymer Particulate Composites
Weight % of Powder (%) 0 21.33 22.36 23.37-54.26
Volume % of Powder (%) 0 5.1 5.4 5.70-19.00
Burn-in Range Separation Distance (mm) 7000 7000 7000 7000
Standard Range Separation Distance (mm) 4500 6000 6000 6000
Burn-in Range Waiting Time After Peeling (ms) 2000 3000 3000 3000
Standard Range Waiting Time After Peeling (ms) 500 1000 1000 1000
Burn-in Range Waiting Time After Levelling (ms) 25000 25000 25000 25000
Standard Range waiting time After Levelling (ms) 1000 2000 2000 2000
Burn-in Range Exposure Time (ms) 6000 8000 8500 10000
Standard Range Exposure Time (ms) 3000 4000 4000 5000
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Figure 61: Increasing Exposure Time With Increasing Loading.
Liquid polymer containing higher dosages of powder (> 19 vol% / 54 wt%) showed 
reduced flowability during the manufacturing process. Although, the DIP system
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could cure polymer layers at these loadings, the manufacture of specimens failed 
due to insufficient structural stiffness and lack of adherence to the build platform, 
even at increased exposure times.
5.2.3 Microscopy Analysis of Low - Density Composites
The composite specimens were manufactured by mixing the BaTiOs particles in the 
photopolymer. It was observed that the powder in the liquid polymer settles 
during the process and required thorough mixing before starting the manufacturing 
process. The limiting flowability, insufficient strength of the layer and the 
deposition of powder bed at the bottom due to absence of mixing during the 
process have limited the achievable composition to 19 vol%. These limitations 
were further leading to difficulties with building longer components. Settling of the 
ceramic powder causes accumulating at the bottom of the build vat where test 
specimens are manufactured may result in non-uniform distribution of particles 
through the specimen thickness. The specimens manufactured by the DIP system 
were analysed for particle distribution at various loads.
The distribution of particles in the composites manufactured by this method was 
examined using SEM following the procedure described in Section 3.2.2 using JOEL 
JSM-6610 (Joel (U.K.) Ltd., England). The specimens were prepared by brittle 
fracturing them by quenching them in liquid nitrogen. The white spots observed in 
these images are BaTi03 ceramic aggregates, surrounded by R5 photopolymer 
(Figure 62 - Figure 65).
Microscopy observation for low loading however showed the particles was spread 
evening throughout the thickness of the specimen. Each particle was surrounded 
by cured polymer and the fractured surface was smooth with closely packed 
particles. The fractured surface for the high loading specimens was not smooth and 
the crack path diverted along the ceramic particle / polymer interface.
The evident change in crack behaviour is an indication of the changing mechanical 
properties of the material and control of the mechanical behaviour of ceramic-
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polymer composite is crucial for practical use. The micrographs shown in Figure 62 
- 65 were recorded using Hitachi S-2460N (Hitachi Ltd. Japan), where as Figure 65 
were recorded using JOEL JSM-6610 (Joel (U.K.) Ltd., England).
50 pm io pm
Figure 62: SEM Images of 2 vol% Specimen.
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Figure 63: SEM Images of 3 vol% Specimen.
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Figure 64: SEM Images of 5 vol% Specimen.
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Figure 65: SEM Images of 17 vol% Specimen.
5.2.4 Discussion
In order to develop functional composites by DIP, new parameters were identified 
ensuring the manufacture of specimens with various loading of BaTi03 particles. 
The composite specimens with a maximum of 19 vol% particle loading were 
successfully manufactured. This was significantly lower that the 35 vol% 
composition manufactured by moulding, discussed in Section 5.1. This limitation on 
particle loading was caused by reduced flowability due to the addition of ceramic 
powder in the photopolymer.
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The SEM micrographs observed in Figure 62 - 65 for various loading of composites 
confirms uniformly distributed particles across the specimen thickness. The 
fracture surface for the low-density specimens was smooth. The high-density 
specimens however show diversion of the fracture path along the particle - 
polymer interface. The apparent change in behaviour due to addition of ceramic 
particles in the photopolymer indicates the influence on mechanical behaviour of 
the material developed by DLP.
53 Mechanical Properties of DLP Specimens
As discussed in literature, the layer thickness and the orientation of the layer used 
to manufacture part influence the mechanical properties. An investigation was 
undertaken to measure the mechanical propertied of the parts developed by DLP.
5.3 J Experimental methods
Conventionally, tensile testing is performed by preparing standard tensile test 
specimens, in accordance with a standard specification such as ASTM, BS, ISO etc. 
In the absence of suitable standards for AM techniques, tensile test specimen 
geometries were developed from:
• BS EN ISO 527-1: 1996 BS 2782-3: Method 322:1994,
• BS EN ISO 527-2:1996 BS 2782-3: Method 322:1994,
• BS EN ISO 527-3:1996 BS 2782-3: Method 326 E: 1996
The procedure described in the tensile testing specification is based on applying 
uniaxial tension to a component of known cross-sectional area and measuring the 
change in length of the specimen. The tensile stress and the modulus of elasticity 
are calculated from the given cross section.
Initially, specimens were manufactured according to BS EN ISO 527-2: 1996, test 
specimen type 5A and 5B. However, due to the limited build envelope of the 
machine operating in high resolution, the overall dimension of the tensile test
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specimen were reduced. The typical dimensions of the specimen are shown in 
Figure 66.
Figure 66: Dimensional Details and Manufactured Primary Tensile Test Specimen (Before
Testing) Adopted Form Type SB, BS EN ISO 527-2:1996
Specimens were manufactured in the XY plane i.e. with the flat surface of gauge 
length parallel to the surface of the build platform. This build orientation is 
applicable to chemical reactors as they are generally planar in form. The specimen 
with gauge thickness parallel to the build platform requires supports necessary for 
manufacturing (Figure 67a). Removing the support from the specimens results an 
irregular surface having an extension or an under cut, thus leads to stress 
concentration and ultimately to crack formation (Figure 67b), and the premature 
failure of specimens outside the gauge length.
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Figure 67: (a) View of Supports Generated for Tensile Specimen and, (b) Irregularities 
Surface Formed After Removal of Supports
This issue with the removal of supports was overcome by changing the rectangular 
cross section to a circular cross section in the gauge length. As the circular 
geometry exhibits similar cross section area in all directions, the influence of layer 
orientation on failure in the gauge length was minimised. The guideline for the 
circular cross section tensile test specimen was used from BS 2782-3: method 327 
A: 1993.
The specimens that were manufactured based on the guidelines from BS 2782-3: 
method 327 A: 1993 had longer gauge length than primary test specimen and slag 
during manufacture in horizontal direction. Initial test results showed that the 
specimens had a long gauge length to be satisfactorily tested on the Instron 3342 
machine. The tensile test specimen was therefore optimised for the build envelope 
of 20 mm x 27 mm suitable for the testing machine. The dimensional details of the
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modified tensile test specimen are show in Figure 68. The modified tensile test 
specimen consists of a small gauge length extending to a clamping section by a 
smooth transition. The transition avoided supports in the gauge length and 
reduced the bending while manufacture, which was observed in specimens with a 
longer gauge length.
Figure 68: Dimensional Details of Modified Short Gauge Length Tensile Test Specimen.
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5.3.2 Analysis of Tensile Test Specimens
The observations recorded for tensile testing and fracture analysis for all the test 
specimens are discussed further.
Mechanical Properties of The Polymer Composites
Although the gauge length of the tensile test specimens was circular in cross 
section, fabricating them by AM may influence the mechanical properties due to 
the interfacial bonding between layers. In order to investigate this, test specimens 
was manufactured in the XV and Z directions as indicated in Figure 69 and Figure 
70. The variation in mechanical strength is clearly evident in Figure 71, for the 10 
polymer specimens manufactured in XY direction (horizontal) and Z direction 
(vertical).
Figure 69: Reference XY Built (Horizontal) for Tensile Test Specimen.
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Figure 71: Tensile Stress Observed for the XY and Z Build Specimens.
The tensile strength observed for the XY build (horizontal) was higher than the Z 
build (vertical) was apparent from Figure 71. The average tensile strength of the XY 
build specimen was 39 MPa whereas the Z build showed a 25% reduction to 
29 MPa. A similar reduction in modulus of elasticity was also observed. The XY 
build having 1000 MPa where the Z build reduced to 800 MPa, a 20% reduction. 
The variations in the mechanical properties that occur in the specimens fabricated
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in layers are shown in Table 10. Tensile testing was also performed on specimens 
containing various loading of ceramic powder.
Table 10: Comparison of Literature and Measured Tensile Properties of R5 Photopolymer
[245].
Description Specification Literature Values Results
Tensile Stress oMi (MPa) ASTM- D638M 31-39
39 ± 7 (XY Build)
29.33 ± 1.7 (Z Build)
Modulus of Elasticity Y, (MPa) ASTM - D638M 1245-1510
1000 ±87 (XY Build)
800144 (Z Build)
% Elongation at Break (%) ASTM - D638M 11-25%
14.2 % ± 2.2% (XY Build)
19.6 % ± 1.6 % (Z Build)
The optimised tensile test specimen was also used for manufacture of composite 
specimens containing various loading of BaTi03 particles. The composite specimens 
are addressed on the basis of theoretical wt% or vol% shown in Table 11, as these 
were lighter in weight and could not be measured due to inconsistency in density 
measured using water displacement method. The mechanical properties of 
polymer test specimens were compared with two highest ceramic content tensile 
test specimens. Figure 72 and Figure 73 shows that the addition of ceramic powder 
reduces the tensile strength oM and modulus of elasticity Y when compared with 
polymer alone.
Table 11: Volume Percentage of Reference Composition.
Specimen set Composition Theoretical Voiume% of BaTi03
0 R5 0%
1 46 wt% 14%
2 50 wt% 17%
3 54 wt% 19%
Comparison of results in Figure 73 shows that the addition of ceramic reduces the 
tensile strength by 21% for 14 vol% and 41% for 17 vol%, respectively. This 
reduction in strength is caused by reduced interfacial bonding due to inclusion of 
ceramic particles. This behaviour is typically observed in particulate composites 
[126].
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Figure 72: Tensile Stress Observed for Different Loading of BaTi03.
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Figure 73: Average Modulus of Elasticity Y Varying With BaTi03 Content and Built
Direction.
Figure 74 shows the typical stress - strain characteristics recorded for the tensile 
test specimens manufactured in the XY and Z direction. The polymer test 
specimens built in the Z direction show a greater elongation rate before reaching 
the yield, followed by a reduced elongation rate beyond yield. The behaviour 
observed in the polymer test specimens built in XY direction; however, show a 
uniform elongation until failure. In both cases, the ultimate tensile strength was
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close to 30 MPa. On the contrary, the composite specimens built in Z direction had 
gradual rate of elongation. In the case of composite tensile test specimens, an early 
failure occurred at tensile strength of 17 MPa in Z built direction and 10 MPa in XY 
build direction specimens, which is a reduction of 66% in comparison to the 
polymer specimen (30 MPa).
--------R5Z Build--------R5 XY Build
XY - 50 wt% compositeZ- 50 wt% composite
<x 30
oi 10
Strain e, (-)
Figure 74: Typical Stress - Strain Behaviour ofXY and Z Direction Builds for Various DLP
Materials.
In order to understand the behaviour of tensile specimens based on the build 
orientation, a schematic representation of layer orientation is shown in Figure 75. 
The test specimens were manufactured in 25 pm layer thickness bounded together 
as laminate composites, the notches formed between each layer are potential sites 
for crack initiation when under applied load (Figure 76). Under applied load, each 
layer will reflect cumulatively the overall stress and strain behaviour of the 
specimen resulting the elongation resulting in higher elongation in gauge length of 
19% for Z direction built specimens. All the layers of the specimens built in XY 
direction will elongate equally, therefore limiting the elongation to 14% of gauge 
length (Table 10).
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Figure 75: Schematic Representation of Layers in Test Specimens.
Figure 76: Typical Inter Layer Region Forming Notches
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Fracture Analysis of Tensile Test Specimens
The broken surface in the gauge length of tensile test specimens was examined 
under SEM to observe the fracture behaviour. The interfacial bonding between 
each layer and the thickness of each layer influenced the elongation measured for 
the test specimen as previously discussed. The stress within each layer will vary 
due to the reduced cross sectional area formed by the notch between the layers 
and a stress concentration will be apparent at the surface, Figure 76 shows the 
typical morphology of a specimens. These notches form ideal sites for crack 
initiation. As shown in Figure 77a, the failure of the Z direction test specimen at the 
notch formed between the layers shows poor interlayer bonding and hence poor 
cross-linking between the layers [246]. The smooth fracture surface between the 
layers is typical of a brittle failure occurring in the perfectly cured photopolymers.
In the case of the test specimens built in the XY direction, the fracture surfaces 
exhibit a region where the crack first accelerates and then decelerates forming a 
smooth region known as a mirror (Figure 77b). The crack accelerates at a uniform 
rate through out the gauge cross section for the XY build specimens. This is 
evidenced by the crack propagation path that is uniform in all directions, as 
indicated by the river lines, typical of the behaviour.
Figure 77: SEM Image of a) Z Direction and, b) XY Direction Build Test Specimen
144
Comparing the behaviour of composite test specimens with polymer test specimen 
shows significant deviation from the typical polymeric brittle failure. Figure 78 
shows a micrograph of a test specimen build in the Z direction. Here the crack 
nucleation for tensile test specimen started along the circumference of the gauge 
length and progressed towards the middle of the specimen. The central region of 
the specimen eventually brakes by pulling, due to the increased stress in the centre 
of the specimen (Figure 78a & b). Unlike the polymer specimens, the fractured 
surface was not smooth but followed the path along the particles (Figure 78c & d). 
After the crack nucleation, it passes through different layer before failure.
Figure 78: a) Fractured Surface of the Z Build Specimen, b) Crack Propagation in 
Composite Material Test Specimen Build in Z Direction, c) Crack Initiation at the Notch 
Between the Layers, d) Fracture Path Diverted at the Polymer - Ceramic Interface.
Figure 79a shows the fractured surface of tensile test specimen manufactured in 
the XY direction. Crack nucleation is observed in one half of the circular cross 
section and progresses towards the rest of the area, represented by the arrows. 
The layers in the specimen undergo shear before failure, resulting in separation of
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layers (Figure 79c & d). The week interlayer bonding in specimen is apparent by 
observing the cracks progressing between each layer in a fractured surface.
Figure 80: a) Crack Formation and Progression in XY Build Specimen, b) Shearing of 
Layers at the Periphery Before Failure, c) and d) Magnified View of Shear Between The
Layers.
As shown in Figure 80, closely aggregate ceramic particles in the composite 
material are surrounded by polymer. The crack progresses through the interfacial 
region and diverts from one ceramic particle to another. The ceramic particles 
absorb some part of the energy, thus resisting crack propagation.
Initial observation of the fracture surface of the ceramic - polymer composites, 
gives an impression of brittle failure due to poor interfacial bonding between the 
photopolymer and BaTiOs particles providing a low energy path for cracks (Figure 
80a - c). Examination of the fractured surface at high resolution however indicates 
formation of fibrillation of the polymer on the BaTi03 surface. This fibrillation 
indicates relatively strong adhesion between the ceramic particles and 
photopolymer, shown in Figure 80d.
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Figure 80: a-c) Typical Fracture Surface of High Loading Particulate Composites Showing 
Progression of Crack at the Ceramic - Polymer Interface, d) Fibrillation of Polymer
Observed at the BaTi03 Surface.
Fibrillation is usually observed in thermoplastic polymers that have undergone 
extensive drawing. During fibrillation the material undergoes molecular 
reorientation in a direction parallel to the applied load. If the force is applied in one 
direction and all other directions are constrained, the fibril formation is generally 
separated by voids aligned in the direction parallel to the draw direction. The 
extent of fibrillation is dependent on the ease of disentanglement of the polymer 
molecules and the easy sliding between them. Fibrillation is usually formed, just 
prior to the final fracture. Although, addition of ceramic particles has reduced the 
mechanical strength in all the specimens manufactured, the path of crack 
propagation was resisted by the particles, prolonging the failure.
Apart from the effect of build direction on the specimen strength, it was found that 
discontinuities in the tensile test specimens due to poor inter-layer bonding 
contributed significantly to the early cracking of the test specimens. The image in
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Figure 81 shows this effect in the specimens manufactured in XY and Z direction. 
These specimens were classed as failures and were discarded.
c) d)
Figure 81: Delamination in Tensile Test Specimens a)&b) in X Build, c)&d) in Z Build.
Theoretically, increasing the exposure for layer deposition should increase the 
inter-layer cross-linking; strengthening the bonding between the layers, but in 
practice increasing exposure will cure the polymer layer beyond its green strength, 
effectively reducing the cross-linking between layers.
5.3.3 Prediction of Mechanical Performance
The upper and lower bound forecast for modulus of elasticity, predicted using the 
work of Kolarik [123]. The modulus of elasticity is expected to increase with 
increasing volume fraction of BaTi03. The upper and lower bound limits for the 
specimens developed by the DIP system were calculated using Equation 2.36 and 
Equation 2.45, respectively and plotted in Figure 82. The working area indicated on 
the graph corresponds to the maximum density of specimens that were successfully
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manufactured by DLP. It was apparent from lower bound limit that the addition of 
BaTiOa powder will not considerably improve the modulus of elasticity up to 0.8 
volume fraction.
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Figure 82: Prediction of Modulus of Elasticity.
The experimental values of modulus of elasticity measured for each specimen, 
discussed in Section 5.2.3 were plotting against predicted bounding limits. Figure 
83 shows that the experimental observation for 19 vol% and 17 vol% were below 
lower bound limit predicted for the specimens. This difference in theoretical 
predication and experimental observation is larger than the range of standard error 
bars plotted for each composite specimen. The experimental observations failed to 
verify the bounding limits predicted using mathematical model. This could be due 
to the nature of composite test specimen as they were manufactured in layer 
showing poor interfacial bonding and stress concentrated regions forming due to 
notches, hence insufficient strength. In order to suitably adopt the mechanical 
behaviour based on mathematical models for parts manufactured by AM route, 
influence of cross-linking, cohesive forces between constituent materials in a 
composite needs consideration.
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Figure 83: Experimental Observation of Modulus of Elasticity Plotted On Theoretical
Forecast
5.3.4 Discussion
The tensile test specimens for both polymer and R5 - BaTi03 composite material 
were analysed for mechanical performance. The design of the tensile test 
specimen was optimised for the build envelope of the DLP system and other 
limitations experienced during manufacturing, discussed in Section 5.3.1. Polymer 
test specimens were built in the XY direction (horizontal) and Z direction (vertical). 
Testing these specimens confirmed that the mechanical properties were influenced 
by the build layer orientation. This was apparent from Figure 72, where tensile 
strength of all the XY built specimens was higher than the Z built specimens.
The mechanical properties of the composite specimens containing various loads of 
BaTi03 powder were also analysed. The mechanical properties of the composite 
test specimens showed, reduction in the tensile strength and modulus of elasticity, 
behaviour typically observed in particulate composites. The tensile strength of the 
Z built specimens was 17 MPa compared to the X built specimens at 10 MPa.
The fracture analysis of the test specimens confirms that the notches between the 
layers were sites of crack initiation. The crack propagation was however varying, 
influenced by the layer orientation and specimen material. The fracture surface for 
polymer specimens was smooth with few river lines, where as the composite
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specimens showed diverted crack path progressing through the ceramic - polymer 
interfacial regions. Microscopy observations of the fracture surface in Figure 80 
show formation of fibrils at the ceramic - polymer interface, confirming the 
presence of strong adhesion between the ceramic - polymer interface. The 
addition of ceramic to the polymer reduced the area between the layers leading to 
poor cross-linking. The influence of layer orientation and poor cross - linking on 
mechanical behaviour has resulted in failure to verify the mathematical prediction 
of mechanical performance.
5.4 Evaluation of Manufacturing Feature Size
The addition of particles to the monomer alters the properties of the photopolymer 
such as flowability, which influences the resolution of the machine. A set of 
experiments were undertaken to identify the influence of addition of ceramic 
powder in the photopolymer on the build resolution of DIP.
5.4.1 Specimen preparation
To investigate the influence of composition on the resolution of the DLP system, 
walls and slots were manufactured with photopolymer alone and with addition of 
BaTi03 were manufactured in 25 pm layer thickness, similar to the polymer and 
composite specimens discussed in Section 3.1.1 and Section 5.2. The specimen was 
divided into two regions marked by two rectangular envelopes. The top half of the 
envelope consists of slots and bottom envelope contains walls. The minimum wall 
thickness of 0.025 mm located at 0.025 mm from the adjacent wail. The wall 
thickness is increased in steps of 0.025 mm. The other region contains walls of 
uniform thickness but with varying separation and a minimum separation distance 
of 0.025 mm, increasing in step of 0.025 mm. Similar specimens were built from 
ceramic - polymer composites with ceramic content up to 12 vol% (40 wt%). The 
dimensional details of the test specimen are shown in Figure 84. In order to ensure 
that the standard range parameters are used for manufacture of walls and slots, 
the test specimen were 4 mm in thickness.
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Figure 84: Dimensional Details and Polymer Test Specimen of Walls and Slots for
Resolution Testing Specimen.
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5.4.2 Measurement of Build Resolution
Various test specimens were manufactured to identify minimum feature size that 
can be successfully manufactured by the DLP system. The polymer test specimen 
containing wall and slots was manufactured with standard range parameters, as 
discussed earlier. Figure 85 and Figure 86 shows slots and walls manufactured from 
photopolymer alone. It was evident that the DLP system could manufacture thin 
wall. The minimum wall thickness of 0.0525 mm and slot width of 0.075 mm were 
successfully built. These thicknesses were sufficiently strong to sustain during 
manufacture. Although, thinner walls were manufactured, they lacked mechanical 
strength and were not self-sustaining during build. Looking at these results, the 
minimum feature size for manufacture by DLP is between 0.08 - 0.1 mm to ensure 
reliable results.
0.150 mm
,0.080 mm
HZ. J ' 1^ -oJ: 500 pm
Figure 85: SEM Image of Slots in Polymer Test Specimen
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A similar set of experiments was performed for the BaTi03 - R5 composite. Figure 
87 shows a typical composite test specimen containing walls and slots showing an 
influence of addition of BaTi03 on the minimum feature size manufactured by the 
DIP system. Although, the walls and slots were built by DIP, it was evident that 
reduced flowability of BaTi03 - Polymer mix has resulted in curing between the 
walls and filling the slots. The ability of DLP to build micro features was however 
inhibited by its inability to remove excess material cured between the features, 
even for particle load of 6 vol % material.
Figure 87: Typical Built of Walls and Slots of Composite Test Specimen.
The microscopy observation shown in Figure 88 presents a comparison between 
the polymer and ceramic - polymer mix test specimens. The walls of polymer test 
specimen were clear without any excess polymer cured, shown in Figure 88a & b. 
The DLP system could successfully build lots having thin walls, but the wall could 
not sustain during build being too thin evident in Figure 88c & d. The walls and 
slots manufactured in 12 vol% composite material demonstrates failure to remove 
the ceramic - polymer mix. In Figure 88e, the walls manufactured at separation 
distance of 0.025 mm show failure of walls due to poor inter-layer bonding with 
excess curing of ceramic - polymer material at few locations. The walls 
manufactured at 0.1 mm distance however were completely filled with cured 
composite material, shown in Figure 88f.
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Figure 88: SEM Image of a & b) Polymer Walls, c 8t d) Polymer Slots, e 81 f) 12 vol%
Composite Walls.
5.4.3 Discussion
The investigation was undertaken to identify the resolution of DIP by 
manufacturing the test specimens containing walls and slots. The test specimens 
were manufactured for polymer alone and ceramic - polymer mix containing 
various loads of BaTiOs powder. The analysis of these test specimens confirms that 
the minimum reliable feature size of 0.08 - 1.0 mm can be successfully built in 
standard R5 polymer. The addition of BaTi03 powder to photopolymer restricts the 
manufacture of the minimum feature size. However, this could not be quantified as 
the potential to manufacture minimum feature size was limited by the inability of 
the material to flow between the feature and not due to failure of DIP to build thin 
parts. The microscopy images shown in Figure 88e - f confirm that the small 
feature sizes may be manufactured if the distance between the features is 
sufficient for the material to flow. The specimen manufactured with 0.25 mm 
distance between walls however still showed partial curing between the features.
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5.5 Measurement of Electrical and Dielectric Properties
The range of practical applications of piezoelectric materials has expanded greatly 
in recent years. Although, possessing excellent dielectric properties, piezoelectric 
ceramics frequently demonstrate poor mechanical strength and often undergo 
brittle failure, especially in the case of ceramics. Conventional manufacturing 
routes are based on pressure sintering of ferroelectric materials. Good bonding 
achieved because of this causes the piezoelectric grains in the body regrow by 
interdiffusion during the sintering process, leading to a more homogeneous grain 
size and reduced porosity and hence, good piezoelectric performance.
Unlike most of the AM techniques, the DIP process is relatively new and so far, has 
a limited selection of photosensitive materials available. Developing ceramic- 
polymer composites may be highly desirable for electrical and electromechanical 
applications, as manufacturing via AM may open up the prospect of new design 
functions.
5.5.1 Prediction of Piezoelectric Coefficient
The relative piezoelectric coefficient for varying ceramic content can be modelled 
using Equation 6.1 [247]:
‘■33
_ vsftd£3
S(v)
(6.1)
Where, v is the volume fraction of ceramic, Spn is the compliance of ceramic 
particles and S{v) is the compliance of composite material given by the formula:
S(v) = vSf, + (1 - v)Sl3 (6.2)
The values of piezoelectric coefficient and compliance used in the theoretical model 
are given in Table 12:
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Table 12: Material Properties of Photopolymer R5 [245] and BaTi03 Ceramic [31].
Property Barium Titanate, BaTi03 Photopolymer, R5
Piezoelectric Coefficient (das) 85.6 pC/N OpC/N
Compliance (Saa/Sn) 15.7x1012 m3/N 662.2x10 12 m2/N
The model described has limited accuracy. It depends on uniform temperatures 
across the composite and presumes strong interfacial bonding between the 
different phases of the material. This means that any stress in the matrix will be 
uniformly transferred across all the filler material but it fails to account for the 
influence of particle size on dielectric properties. The expected behaviour 
predicted based on Equation 6.1 is shown in Figure 89. It was clear that the 
increasing the ceramic content up to 20 vol% will result in increased piezoelectric 
coefficient of 80 pC/N. Further increase in particle loading does not considerable 
improves the performance.
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Volume fraction of ceramic f, (vol%)
Figure 89: Theoretical Prediction of Piezoelectric Coefficient for Ceramic Composition.
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5.5.2 Preliminary Piezoelectric Analysis of Functional Material
Various manufacturing processes adopted for the fabrication of piezoelectric 
ceramic-polymer composites were discussed in Section 2.1.7. Analysis of 
photopolymer specimens containing BaTi03 ceramic particles was assessed in terms 
of their mechanical properties and showed no noticeable improvement in 
mechanical strength. This was attributed to the delamination of the component 
layers in the higher wt% specimens causing poor inter-layer bonding. The addition 
of piezoelectric ceramic particles to the photopolymer may enable micro electrical 
applications to be served by AM industry.
Method
Thin blocks of size 10 mm x 10 mm x 1 mm consisting up to 5 vol% ceramic particles 
were manufactured by the DIP system. They were poled by applying voltage field 
across their surfaces in air. The procedure for poling these composite specimens is 
described below:
• The specimen is held between the voltage terminals
• The specimen is placed in the furnace
• The voltage is applied across the specimen with the poling voltage kept 
constant for each run
• The furnace is switched on and heated to a predetermined poling 
temperature
• Once the furnace reaches the test temperature, the furnace is switched off 
and cooled to room temperature without removing the voltage field across 
the piezoelectric specimen
• Once the temperature of furnace reaches room temperature, the voltage 
field is switched off and the specimen is removed
• Each run is conducted at a constant voltage field and a specific poling 
temperature
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Piezoelectric Behaviour of Preliminary Specimens
The preliminary specimens containing 6 vol% (23 wt%) BaTiOs particles were 
polarised in the range of 0 - 2.5 kV and 50 - 90 °C. During polarisation, the poling 
temperature across the specimen was increased by 10 °C for each measurement 
without changing the electric voltage for the entire range of poling temperatures. 
The electric voltage was then increased by 0.5 kV for next set of poling cycles. The 
specimens made from polymer alone showed no piezoelectric coefficient, 
confirming an electrically inactive material. However, initial observation of the 
piezoelectric coefficient dss for the unpoled ceramic -polymer composite specimens 
confirmed that they were inactive and required poling for functional activation to 
measure the piezoelectric coefficient dsa. The piezoelectric coefficient recorded for 
the polymer composites is shown in Figure 90. Although, the Curie temperature of 
BaTi03 is 120 °C, the poling temperature was restricted to 90 °C as softening of the 
photopoiymer occurs at temperatures between 110 -120 °C.
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Figure 90: Average Piezoelectric Modulus d33 Observed for 6 vol% Preliminary Composite.
The observations recorded for d33 shown in Figure 90 are considerably smaller than 
the piezoelectric constant of BaTiOs ceramic particles given in literature, typically 
85.6 pC/N [31]. However, some piezoelectric effect induced set a baseline for 
further optimisation work. The piezoelectric coefficient of the composite up to
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maximum electric voltage of 2.5 MV/m increased with voltage field. However, 
increasing the poling temperature measured at a constant voltage field did not 
show increase in the piezoelectric coefficient d33 with increasing poling 
temperature. The trend lines plotted on the graph shows that the composite 
containing 6 vol% particles show a reducing piezoelectric coefficient. The variation 
in the measurements is due to the relatively low weight / volume fraction of 
piezoelectric ceramic in the composite and the high electrical resistance offered by 
the photopolymer surrounding the ceramic reducing the available surface charge to 
the BaTi03.
5.5.3 Piezoelectric Measurement of High-Density Functional Material
In order to examine the piezoelectric coefficient further, a second set of test 
specimens were manufactured. The ceramic content was increased to 19 vol% (in 
comparison to 5 vol%). The thickness of these blocks was reduced to 0.5 mm, 
resulting in increased electric field from 2.5 MV/m applied in the first sample set to 
5.0 MV/m in the second set without practically increasing the electric field across 
the specimen.
Composites with higher ceramic contents were manufactured at 19 vol% (54 wt%), 
17 vol% (50 wt%) and 14 vol% (46 wt%). Two specimens for each composition, 
from the same batch were poled during the study. They were poled following the 
procedure described in Section 3.3 and piezoelectric modulus daa, capacitance C 
and dielectric loss (tan 6) were measured for each sample. 30 measurements were 
recorded for each poled composite specimen to assess repeatability. Both the 
specimens were poled initially at lower electric field and lower temperature. They 
were subsequently poled at a higher poling temperature, only after consistent 
observations were recorded for both the composite specimens.
Piezoelectric Behaviour of High-Density Specimens
Results from series of experiments are shown in Figure 91. The magnitude of dss 
was significantly higher (a factor of 10 for 19 vol% specimen) than that achieved in
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the preliminary test. The d33 observed for both, the preliminary test composite and 
high-density composites demonstrate the influence of electric field on d33. For 
high-density composites, the magnitude of d33 increases with higher applied electric 
voltage. Figure 91 shows an agreement with the expected behaviour for 19 vol% 
and 17 vol% composites. Although consistent increment in the piezoelectric 
coefficient was not recorded, the trend lines confirm that the higher piezoelectric 
coefficient was measured at higher electric field for the entire range of poling 
temperature for 19 vol% and 17 vol% specimens. Similar behaviour was not 
however observed for 14 vol% specimens. The piezoelectric coefficient compare to 
0.5 pC/N poled at 2.5 MV/m for initial test discussed in Section 5.5.1, was 
considerably higher for 19 vol% specimens at 5.5 pC/N and 14 vol% specimens at 
3.8 pC/N poled at electric field of 30 MV/m.
Figure 91 also presents the behaviour of the functionally active composite materials 
developed by DIP for varying loading of the ceramic content. It was evident that 
the piezoelectric coefficient measured for 6 vol% specimens shows an unexpected 
reduction with an increasing poling temperature. The behaviour for 19 vol% 
specimens however shows an increasing piezoelectric coefficient with an increasing 
poling temperature. Similar trend lines plotted for specimens with 14 vol% and 
17 vol% ceramic content shows an inconsistent behaviour which was a mix 
behaviour both, the high - density specimens and low - density specimens. It can 
be therefore presumed that an increase in the ceramic loading beyond 19 vol% will 
show an increasing piezoelectric coefficient for both, increasing poling temperature 
and electric field.
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Figure 91: Piezoelectric Coefficient d33 Observed for Composite Specimens.
5.5.4 Measurement of Dielectric Loss
The dielectric loss tan 6 measured for the ceramic composites are shown in Table 
13. It was observed that the dielectric loss for all the specimens are relatively 
consistent and most of the observations falling within 5% standard deviation.
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Overall, the tan 6 varied from 0.18 to 0.27. Typically, the dielectric loss tan 6 < 0.05 
is important for high sensitivity in practical applications [247]. The values of 
dielectric loss measured during poling of functional composites are similar for the 
entire range of poling temperatures and applied electric field. The loss function 
was also independent of volume fraction of ceramic powder in the composite 
material indicating lower permittivity of the polymer and offers high resistance to 
electric field across the specimen.
Table 13: Dielectric Loss tan 6 Observed for Piezoelectric Composite
Composition Electric
Voltage
Poling Temperature Average 
Dielectric Loss50 °C 60 °C 70 °C 80 °C 90 °C
19
 v
ol
%
 (5
4 
w
t%
)
Sp
ec
im
en
 1 5 kV 0.12 0.15 0.19 0.25 0.21 0.19 + 0.05
10 kV 0.29 0.23 0.28 0.20 0.21 0.24 ±0.04
15 kV 0.19 0.22 0.27 0.24 0.23 0.19 ±0.03
Sp
ec
im
en
 2 5 kV 0.14 0.16 0.19 0.26 0.22 0.19 ±0.05
10 kV 0.23 0.22 0.19 0.20 0.19 0.21 ±0.02
15 kV 0.19 0.21 0.21 0.21 0.20 0.20 ±0.01
17
 v
ol
%
 (5
0 
w
t%
)
Sp
ec
im
en
 1 5 kV 0.18 0.21 0.22 0.26 0.23 0.22 ± 0.03
10 kV 0.22 0.22 0.17 0.22 0.20 0.21 ±0.02
15 kV 0.19 0.18 0.24 0.21 0.21 0.21 ±0.02
Sp
ec
im
en
 2 5 kV 0.18 0.20 0.19 0.22 0.23 0.21 ± 0.02
10 kV 0.22 0.22 0.19 0.21 0.20 0.21 ±0.01
15 kV 0.23 0.24 0.22 0.24 0.20 0.22 ±0.01
14
 v
ol
 %
 (4
6 
w
t%
)
Sp
ec
im
en
 1 5 kV 0.14 0.21 0.26 0.21 0.24 0.21 ±0.05
10 kV 0.23 0.19 0.17 0.20 0.20 0.20 ±0.02
15 kV 0.22 0.27 0.24 0.25 0.20 0.24 ±0.03
Sp
ec
im
en
 2 5 kV 0.13 0.13 0.26 0.23 0.24 0.20 ±0.06
10 kV 0.23 0.20 0.19 0.23 0.20 0.21 ±0.02
15 kV 0.26 0.27 0.20 0.25 0.22 0.24 ± 0.03
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5.5.5 Capacitance Characteristics
The high dielectric constant of BaTi03 makes them suitable material for capacitor- 
based applications where it is generally bonded to another material [12]. As BaTi03 
is always surrounded by material that it is bonded too, the resultant electronic 
properties are therefore a complex combination of capacitance and loss occurring 
at the dielectric material, bonding material, interference, electrodes and connecting 
leads.
The piezoelectric composites evaluated in these experiments consist of randomly 
oriented ceramic domains, which cancel each other when unpoled. Poling polymer- 
ceramic composites reorients these domains in a direction parallel to that of the 
applied electric field. In this way +ve and -ve polarisations of each domain are 
aligned creating the piezoelectric effect. The polarisation can be envisaged as 
charges separated by a distance, filled with a medium between them, hence 
forming a capacitor.
Electrical poling of ceramics therefore influences the capacitive charge stored in the 
ceramic polymer. This charge increases with increasing polarisation. Figure 92 - 94 
presents the capacitance measured for specimens after poling. These show similar 
trends to the graphs illustrating the piezoelectric behaviour. The trends in both the 
piezoelectric coefficient and capacitance showed variability, however the 
underlying general trend was as expected. The trends did show some unexpected 
increases at a poling temperature of around 70 °C for all the specimens. The reason 
for this unusual behaviour is unclear and requires further investigation.
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Figure 92: Capacitance Observed for 14 vol% Specimen.
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Figure 93: Capacitance Observed for 17 vol% Specimen.
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Figure 94: Capacitance Observed for 19 vol% Specimen. 
Frequency Dependence of High-Density Functional Materials
The piezoelectric materials used for manufacturing electronic devices operated at 
high frequency, particularly for making embedded capacitors. The capacitance of 
functional material containing BaTi03 was analysed by using a Solartron 1255B 
Frequency Response Analyzer (AMETEK, Inc., United Kingdom) and a Solartron 1296 
dielectric interface (AMETEK, Inc., United Kingdom) for a frequency range from 1 Hz 
to 1MHz by Dr. Xinming Wan at the Chemistry department of the University of 
Liverpool. These observations were recorded at various temperatures. The test 
specimens used for the measurement in this study was similar to the specimens 
used for measuring piezoelectric properties. They were connected to thin copper 
wires using conductive silver paint. The specimens were then connected to an 
electronic circuit and placed in a furnace. The experimental setup was connected 
to a computer - controlled process and measurements were recorded for the 
capacitance during the experiment.
The capacitance is influenced by the dielectric constant of a material, surface area 
holding electrical charge and the distance between the two surfaces. Since the 
dimension of the test specimen does not change during the experiment, the 
capacitance will be influenced by the dielectric constant alone. Therefore, change
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in dielectric constant due to temperature and frequency across the material will 
characterise the changes in the capacitance.
The observations measured for the test specimens, in Figure 95 - 97 shows the 
decreasing capacitance of the functional material with an increase in frequency 
from 1 Hz to 1 MHz at any constant temperature. Increasing the temperature 
across all the specimens for any given frequency also validates the theoretical 
behaviour of increasing dielectric constant measured in terms of capacitance. For 
all the specimens, the capacitance reduces linearly above 200 Hz. A few peaks in 
capacitance were, however, observed at frequencies less than 200 Hz. These 
localised oscillating peaks were prominent at high temperature for all the 
specimens and increases in magnitude with increased loading of BaTi03. This 
unusual localised increase in capacitance or dielectric constant was also observed in 
the work performed by Kim [248] for BaTi03 nano composites, although the 
oscillating peaks were absent. This unusual behaviour may be due to presence of 
conductive silver particles at the surface of the specimen, charge leakage or due 
complex dielectric relaxation occurring at low frequency polarisation at resonant 
frequency. Although the exact reason for dispersion could not be completely 
verified, further investigation will be needed for understanding the cause.
Application of high frequency across the specimens induces alternating forces in 
the electric dipoles inducing movement of ions at the atomic level, causing 
acceleration and deceleration of the atomic masses resulting in oscillation of the 
material. Since all polarisation mechanisms involve the movement of charges for 
dipole response, inertia will prevent arbitrarily fast movements. Therefore, at 
higher frequency, a response from a mechanical system will be difficult as the 
inertial of the molecules retards their response to the oscillating electric field. This 
is apparent in the characteristics plotted in Figure 95 - 97. Also, at constant 
temperature, the relative dielectric constant decreases at higher frequency. The 
mechanical response of the dielectric material will therefore depend on the 
frequency of the applied electrical field.
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Figure 95: Reducing Capacitance of 14 vol% Specimen Measured at Increasing Frequency.
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Figure 96: Reducing Capacitance of 17 vol% Specimen Measured at Increasing Frequency.
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Figure 97: Reducing Capacitance of 19 vol% Specimen Measured at Increasing Frequency. 
5.5.6 Ferroelectric Response
AC electric field strength was applied to the material developed here to measure 
and characterise the ferroelectric behaviour. The ferroelectric hysteresis curves 
were measured for the functional materials developed by DIP using Radiant 
Precision high voltage interface (Radiant technologies. United States of America) 
and TRek 609B high voltage amplifier (Trek, Inc., Japan) by Dr. Xinming Wan at the 
Chemistry department of the University of Liverpool, are shown in Figure 98 - 100, 
at various electric fields in the range of 50 kV/cm to 249.97 kV/cm. Due to 
limitations of the apparatus, the hysteresis behaviour of the piezoelectric 
composites could not be measured beyond field strength of 249.97 kV/cm. The 
functional material was shown to however successfully withstand the applied 
electric field without breakdown across the specimen. For clarity, the ferroelectric 
response was measured at both lower and higher electric field as shown in Figure 
98 -100.
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Increasing the electric field applied across the test specimens induces the 
ferroelectric effect in the material by aligning the domains, eventually reaching 
saturated polarisation. The degree of polarisation increases with increasing 
ferroelectric ceramic content in the test specimen. At saturation, polarisation 
becomes stagnant and remains unchanged even at a higher electric field. A reverse 
electric field will be required to reorient all the ferroelectric domains in the 
opposite direction.
Hysteresis curves measured for test specimens (Figure 98 - 100} show that the 
remnant polarisation observed for 19 vol% composite is larger and increases 
noticeably in comparison to the 17 vol% and 14 vol% specimens. Table 14 shows 
the remnant polarisation and saturation polarisation measured for test specimens. 
P~E characterisation curve observed for all test specimens show that the increasing 
electric field rotates the curve in an anti clockwise direction about the origin. The 
rotation of the curve is an indication of field dependent nature of permittivity. The 
hysteresis curves for the test specimens show symmetric response with the 
endpoint below the initial point. The remanent polarisation for both positive and 
negative sweeps is the same i.e. 0.0417 pC/cm2 and (-) 0.0407 pC/cm2. The 
difference in end points of the curve or the barrier height observed in ferroelectric 
curves could be due to Schottky barrier effects [78-89].
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Figure 98: Ferroelectric Analysis for 14 vol% Specimens.
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Figure 99: Ferroelectric Analysis for 17 vol% Specimens.
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Figure 100: Ferroelectric Analysis for 19 vol% Specimens.
Table 14: Polarisation Measured for Composite Specimens.
Test
Specimen
Remnant polarisation, (pC/cm2) Saturation Polarisation, (pC/cm2)
At 50 kV/cm At 249.95 kV/cm At 50 kV/cm At 249.95 kV/cm
19 vol% ±0.0025 ±0.041 ±0.0470 ±0.359
17 vol% ±0.0010 ±0.015 ±0.0234 ±0.124
14 vol% ±0.0010 ±0.015 ±0.0240 ±0.120
Specimens prepared by Robertson [86] were manufactured by mixing acrylic 
polymer and barium titanate. Although the specimens for the ferroelectric study 
were not sintered, the larger particle sizes of 2 pm were considered. The remnant 
and saturation polarisation observed by Robertson for 35 vol% was 0.04 pC/cm2 
and 0.12 pC/cm2, respectively. Similarly, 15 vol% specimens showed 0.018 pC/cm2 
and 0.078 pC/cm2 of remnant and saturation polarisation. These observations 
were measured at an electric field of 70 kV/cm. Comparing P-E characterisation 
with specimens developed by DIP shown in Figure 98 - 100 confirms a significantly 
smaller remnant and saturation polarisation. The consideration of bigger particles 
may benefit in the formation of larger grain size, hence higher polarisation.
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Conventionally, ferroelectric materials are fabricated at high temperatures and the 
electrodes are formed at lower temperatures. As a result electrode-ferroelectric 
interface capacitors are asymmetric which is reflected in the ferroelectric 
behaviour. Although no electrode was directly deposited on to the composite 
surfaces, the existence of the barrier at the interface could be due to inadequate 
contacting of the metal electrode with the composite surface. It is however 
difficult to know the actual reason for the asymmetry of the curves and this needs 
further investigation by performing the experiments that measures the cause of the 
barrier [78-79].
Although an ideal hysteresis ferroelectric behaviour was not obtained for the 
ceramic - polymer composite material due to limited electric field, an early sign of 
saturation was observed for the 19 vol% specimens, as show in Figure 101. At an 
electric field of 249.97 kV/cm, a small part of the curve (indicated by the ellipse) 
become parallel to the electric field axis indicates saturation. Measuring P-E curve 
at electric field beyond 249.97 kV/cm may lead to ideal ferroelectric hysteresis 
curve with larger magnitude of remnant and saturation polarisation.
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Figure 101: Ferroelectric Hysteresis Curves for 19 vol% Composite Measured at 50 kV/cm
& 249.97 kV/cm
5.5.7 Discussion
The preliminary development of functional composites by DLP containing up to 
6 vol% showed a piezoelectric coefficient of 0.5 pC/N. Although the functional 
activation was considerably smaller than the piezoelectric coefficient of BaTi03 
ceramic powder, it formed the base for further optimisation. Further 
developments of high-density specimens were manufactured by identifying new 
build parameters, as discussed in Section 5.2.
The maximum particle loading of 19 vol% was manufactured by DLP. The 
theoretical prediction for 19 vol%, shown in Figure 89 would suggest a piezoelectric 
coefficient of 78.2 pC/N. However, the d33 observed for 19 vol% specimen is 
significantly lower at 5.7 pC/N. The smaller magnitude and variation in the 
piezoelectric coefficient observed in the material was attributed to higher resistivity 
of the surrounding polymer. A noticeable difference in the compliance of polymer 
and ceramic shows the polymer matrix in the composite undergoes higher stress 
compared to the ceramic particles. In order to reduce the discrepancy between the
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theoretical model and actual observation, it is envisaged that by reducing the 
difference between the mechanical stiffness of the materials will transfer the 
applied force from the matrix to the filler material. A possible candidate material 
would be an epoxy resin, which has considerably higher hardness and stiffness in 
comparison to the acrylic polymer used here. Unfortunately, the DIP system used 
in this work is unable to process epoxy materials.
The dielectric loss recorded for all the specimens show relatively consistent tan 6 
the range of 0.18 - 0.27 varying with in 5% standard deviation. This indicates low 
permittivity of the polymer material resulting in high dielectric loss. As the 
Tan 6 < 0.05 is acceptable for high sensitivity of functional materials, composite 
developed by DIP in the current work may fail to be utilised for applications 
requiring high performance. Similarly, the capacitance measured for high - density 
specimens was not influenced by ceramic content in the specimens. This has 
validated the low permittivity and high resistance offered by the polymer.
Frequency dependent behaviour of capacitance measured in the range of 1 Hz - 
1 MHz for these specimens were analysed at various temperature. It has shown 
reduced capacitance at high frequency, particularly beyond 200 Hz where linear 
behaviour was observed. The capacitance measured at frequency below 200 Hz 
showed oscillating capacitance. This typical behaviour observed in the specimens 
was prominent for 19 vol% particle content composites when compared to 17 vo!% 
and 14 vol% specimens, and increases at high temperature.
Ferroelectric behaviour observed for theses specimens in the range of 50 kV/cm - 
249.97 kV/cm electric field. The remnant polarisation and saturation polarisation 
was increasing with high particle content in composite specimens and applied 
electric field. The observed remnant and saturation polarisation were considerably 
smaller than the data presented in the literature. It is therefore understood that 
the currently used standard R5 polymer may not be suitable for development of 
high performance functional material.
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5.6 Conclusion
This chapter focuses on the mechanical and electrical behaviour of the composite 
parts and the influence of the build orientation on their mechanical strength. It was 
understood from the literature that the thinner layer thickness would be necessary 
to achieve higher mechanical strength in the polymer parts. Thinner layer thickness 
will also be useful for the manufacturing and handling of polymer parts with micro 
features.
In order to understand mechanical properties of the polymer specimens, tensile 
test specimens were manufactured by the DLP system using a 25 pm layer 
thickness. The dimensional details of the test specimen were based on guidelines 
from standard test specifications normally used in industry and were further 
optimised for the manufacturing process.
The results obtained from the tensile testing of the optimised specimens 
manufactured in the XY direction (horizontal) and Z direction (vertical) showed 
mechanical properties close to the standard values for pure polymer. The tensile 
strength of these specimens was inside the range of 31 - 39 MPa. Both, the tensile 
strength and modulus of elasticity influenced by the build layer orientation. In 
terms of elongation, both the polymer specimen was similar to the literature; 
although the difference in the XY and Z direction built specimens showed 
directional influence.
Similar test specimens incorporating ceramic particles in the polymer material were 
manufactured on the DLP system. The addition of ceramic in the polymer could 
have to shown an increase in the tensile strength and subsequently the modulus of 
elasticity. It was discovered however; that manufacturing with the material 
developed here does not significantly improve the mechanical properties of the 
parts, which was typically observed for the particulate composites. The tensile 
strength of the composite specimens was reduced by up to 75% in the XY build 
direction and 55% in the Z build direction. Due to the limited build envelope, the 
gauge length of the optimised tensile test specimen was reduced to 0.51 mm and
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further optimisation for long gauge length of tensile test specimen and increasing 
the applied load while testing will increase the accuracy in mechanical properties.
The results obtained from the tensile testing were compared with a mathematical 
model used for predicting the mechanical properties of the composite material. 
The forecasted properties of the composites were not validated by the 
experimental observations. This was primarily due to the inability of these models 
to account for damages occurring during the AM processes.
The maximum powder loading in the composite that was achieved by DIP was 
limited to 19 vol%. Further addition of the ceramic powder to the polymer reduced 
the flowability and consequently prevented manufacture. The higher loading of the 
ceramic powder in the polymer leads to delamination in the parts caused by poor 
interlayer bonding.
Addition of ceramic powder to polymer also influences the minimum feature size 
that can be manufactured by the DIP system. The specimen manufactured from 
the composite materials was difficult to clean effectively. The minimum feature 
that can be obtained by DIP was therefore largely dependent on the flowabilty of 
the material.
Composites manufactured by the DIP based AM technique, were investigated for 
various functional properties at three ceramic fractions specimens. The 
piezoelectric modulus d33 was measured for each of these. The experimental 
magnitude of dss, was considerably smaller than that theoretically expected. 
Specimens containing 19 vol% ceramic were developed by DIP showed maximum 
d3B of 5.5 pC/N, when measured at 30 MV/m electric field and 90 °C poling 
temperature. This is thought to be partly due to the mechanical properties of the 
polymeric matrix material. Introducing matrix material (eg. epoxy) having 
mechanically properties closer to the filler material would have improved the 
experimental performance. This is not possible unless the range of materials that 
can be processed by the DIP system expands.
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Investigations were also carried out to measure the capacitance of the composites, 
which shows a trend in agreement with the expected behaviour. The composites 
were also found to demonstrate a ferroelectric response up to electric fields of 
250 kV/cm. The tan 6 exhibited by these composite makes them unsuitable for 
many practical systems, but the properties were measurable and therefore the 
system may be deployed in the future. Based on the discussion presented in this 
work, it was understood that the currently used standard R5 polymer is not a 
suitable candidate for development of high performance functional material. 
Manufacturing of functionally active particulate composites by AM however shows 
promise, but further investigation is necessary for achieving improved dielectric 
properties.
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Chapter 6.
6.0 Conclusion
This chapter concludes the current investigation and proposes future work. The 
aim of this research was to manufacture SMART micro reactor by developing 
functionally active materials via AM technologies. Exploring the ability of SLA 
techniques to manufacture accurate parts from the functional composite was a 
novel approach. In order to fulfil this aim, the following objectives were set:
1. To identify the feasibility of envisionTEC AM technique for the development 
of micro fluidic devices
2. To design micro reactors and employ them to physical systems
3. To identify areas that require improvement for the performance of micro 
reactors
4. To develop functionally active materials by DIP based SLA
5. To identify electrical and mechanical properties of the functional 
components built on the system
6. To characterise the performance of polymer based devices
7. Develop methods to integrate functional materials into sensing or actuating 
within micro reactors
Preliminary work on micro channels fabrication using a 60 mm focal length lens 
shows serrated edges, partial blocking and dimensional inaccuracy, this was 
resolved by using a lens of 85 mm focal length, projecting a build envelope of 20 
mm x 27 mm at 20 pm resolution. This has enabled the fabrication of parts with 
significantly improved features. This was particularly beneficial for manufacture of 
micro channels and smaller parts.
A mixer micro reactor manufactured by the DLP system was successfully utilised for 
cell culture applications, it demonstrates the conceivability of the DLP system for 
the manufacture of micro fluidic devices. Although, high resolution and accuracy 
was achieved, the surface roughness and poor surface finish caused by the stair
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stepping could influence the fluid flow behaviour in the micro channels. 
Manufacturing parts with thinner layers would reduce the surface roughness 
caused by stair stepping. The minimum layer thickness that the PF slicer could 
deposit is limited to 25 pm. A software algorithm (ASA) originally designed for 
rotational printing was then adopted for adaptive slicing of the parts manufactured 
by the DIP system, where layers less than 25 pm could be successfully deposited.
An investigation to analyse the surface roughness of components manufactured for 
different layer thickness shows that the thin layer manufacturing could reduce the 
surface roughness caused by stair stepping. The layer thickness of 20 pm was 
found to be crucial, since manufacturing in layers smaller than 20 pm does not 
contribute to improving the surface roughness, but causes an increased surface 
roughness due to surface strain. The exposure time used for depositing thin layers 
was however extrapolated from the default parameters. This exposure used to 
manufacture thin layers may not be suitable as it was interpolated and hence also 
requires further investigation.
Micro fluidic devices manufactured by the DIP system can be useful for high 
pressure systems. Therefore, a set of experiments were undertaken to identifying 
the influence of layer orientation on the mechanical behaviour of the polymer 
component manufactured by the DIP system. A comparison of the mechanical 
properties of the polymer specimens manufactured in the XY (horizontal) and Z 
(vertical) direction reveals that the specimens manufactured in the XY direction 
have higher tensile strength and modulus of elasticity compared to specimens 
manufactured in the Z direction. The average tensile strength of all the specimens 
was in the range mentioned in the literature. The modulus of elasticity however, 
falls below the theoretical range for polymer material. Therefore, manufacture of 
micro channels for pressure systems requires consideration of build orientation.
Composites fabricated by conventional routes achieved density up to 49 vol% of 
ceramic particle at atmospheric pressure and temperature. Composites with 
49 vol% and 45 vol% were brittle in nature and were difficult to retrieve. 
Composites with 35 vol% were flexible, showing optimal loading that may be
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obtainable from the DIP system for successful manufacture of functional 
components.
Addition of ceramic to the photopolymer had influenced the flowability of the 
polymer, restricting the manufacturability of the high-density components. A 
preliminary investigation of the manufacture of composites with 5 vol% ceramic 
powder show a reduced interlayer bonding and an increase in the exposure time 
required for further development of the high - density specimens, as shown in 
Figure 61. This has resulted in the manufacture of up to 19 vol% composites by the 
DIP system. The flowability and poor inter - layer bonding was observed for 
composites beyond 19 vol%, limiting further manufacture of the high - density 
composites. The composite density of 19 vol% however, was too low in comparison 
to the 49 vol% composites fabricated using the conventional route. The defects 
observed in the composites, manufactured by the conventional route were absent 
in the specimens manufactured by the DLP system.
The ceramic powder added to the polymer further influences the tensile strength of 
the specimens, showing the typical behaviour of the particulate composites. 
Comparing the mechanical properties of the polymer specimens, a fall in the tensile 
strength and modulus of elasticity was observed for the composite materials. This 
was similar to the behaviour observed for composites manufactured by the 
conventional methods.
For functional activation of the ceramic composites, an in-house poling apparatus 
was designed and fabricated. The poling apparatus was suitable for the voltage up 
to 30 kV and temperature up to 250 °C. The poling of 35 vol% specimens fabricated 
by conventional route at an electric field of 5 kV (6 MV/m) and 70 °C poling 
temperature shows a piezoelectric coefficient d33 of 4 pC/N. High-density 
specimens could not be poled as they were brittle. The composite specimens 
manufactured by the DLP system were subject to a DC voltage up to 15 KV across 
their thickness (30 MV/m). The piezoelectric coefficient measured for 19 vol% 
composite developed by DLP was 5.5 pC/N was too small for MEMS applications, 
which was measured at 15 kV (30 MV/m) at 90 °C. The dielectric loss recorded for
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ail the specimens was much higher due to low permittivity of the polymer, reducing 
their usability as functional devices. Similarly, the ferroelectric properties 
demonstrated by BaTiOs composites were not significant for MEMS applications. 
The DIP system shows promise for the development of the functional composites, 
but further investigation will be required to increase loading of the ceramic 
particles, thereby increasing functional response. Limitation of materials that can 
be manufactured by the DIP system highlights the necessity to expand the material 
range that can be processed. Also, as all the particles are randomly oriented in the 
liquid polymer, poling the specimen did not align all the dielectric domains uni- 
directionally, hence reducing the piezoelectric effect.
The particle distribution in the composites varies with the loading of composites. 
For all the specimens, the particles start accumulating at the bottom of the build 
envelope. The ceramic particles could not be successfully suspended in the 
polymer for manufacturing of ceramic - polymer composites. The suspension of 
ceramic particles was challenging for the DIP system, as addition of a third material 
could further influence the minimum feature size that can be fabricated on DIP.
Development of sensing and transducing devices using the polymer and integrating 
them with micro reactors will be a step forward. Although properties of the 
polymer materials have improved significantly over the years, there are still great 
challenges related to usability and functional stability of the material produced. 
Preliminary investigation for the development of the polymer based cantilever 
beam for MEMS application is presented in appendix A.
Due to limitations discussed earlier, manufacturing of micro reactors requires 
development of materials with improved functional response. Addition of 
impurities into the material utilised for enhancing the dielectric response is well 
documented in the literature. In the absence of multi - material processing, 
materials will require separate manufacture and then combined together before 
using. Substantial modifications will be required to the current AM techniques to 
achieve multi-material processing along with suitable software for efficient control 
of the process.
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The results presented in this thesis are encouraging. Current work can be 
considered as a building block for processing the functional materials and 
identifying areas for further investigation for the manufacture of high permittivity 
functional materials by DIP.
6.1 Future Work
The current AM technique based on a DIP chip is novel. This work has assessed 
various aspects of the photopolymer components manufactured by the DIP system, 
such as the mechanical properties, surface roughness and micro manufacturing of 
the components.
Fabrication of the polymer micro reactor was successfully employed for cell culture, 
has a potential for other applications also. The mechanical properties of the 
polymer materials observed in this research will be useful in the development of 
micro fluidic devices for high pressure applications.
Addition of BaTi03 to the photopolymer shows a potential for developing an active 
particulate composites by direct manufacturing. However, limitations on the 
loading of particle and therefore dielectric properties of these composites must be 
overcome by identifying suitable methods to enhance functional response or by 
using an alternative material possessing a higher dielectric and mechanical 
properties, also discussed in the literature. In the current composite specimens, 
piezoelectric domain may be randomly oriented, even after poling. Ensuring all the 
domains are uni - directionally aligned during the manufacture, can therefore 
increase the piezoelectric coefficient. This can be achieved by applying electric field 
across the mix of ceramic - polymer in the vat enabling orientation of particles. 
Use of large particle sizes for the development of functional material by DIP may 
improve piezoelectric coefficient, as larger domains will be formed while poling. 
The piezoelectric coefficient can also be increased by either addition of metal 
particles, presented in literature. However, as maximum volume fraction was 
limited to 19 vol%, an addition of metal particles will result in a lower ceramic 
content, resulting in reduced piezoelectric coefficient. Using larger ceramic
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particles with finer metal powder may provide a middle ground for formation of 
functional composites. An alternative approach presented in the literature 
considers a coating on ceramic particles with metal for increasing piezoelectric 
coefficient.
Development of functional polymer can be engaged for MEMS applications. 
Addition of ceramic powder to achieve higher piezoelectric response results in 
reduced tensile strength. Therefore, optimisation is required between the volume 
content of the ceramic particles and the mechanical behaviour of the particulate 
composites. Further research is also required for identify suitable manufacturing 
protocols for the development of functional devices. They can then be used to 
manufacture functional devices from materials showing high permittivity, high 
piezoelectric and ferroelectric response.
Based on the discussion presented above, future investigation proposed for the 
development of a functional material using the AM route can be categorised as a 
long term and short term approach. In the long term, identifying a new build 
parameters will improve the manufacturability of the part in thin layers. It can also 
be further extended for the development of composite materials. A similar 
improvement is required to establish fabrication of multi - material parts by the 
direct writing method. In order to develop functional material, specifically using 
DIP based AM technique, it should be able to perform multi - material 
manufacturing. This requires modification to the system, so that more than one 
material can be selectively cured in a layer. Currently, 3D printing could 
successfully deposit multi materials, but are limited to deposition of material in 
liquid state. The proposed modifications to the current system also require 
development of software for operational control. Expansion on the material range 
that can be processed by the DIP system will increase its potential usability.
For the current investigation, focus on the development of functional material 
requires methods to identify an increase in the functional response, discussed in 
the background review. This requires further analysis of mechanical and electric 
properties used for characterising functional devices. Also, applying electric or
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magnetic field across the polymer ceramic mix will result in the formation of 
composites having uni-directionally aligned dielectric domains.
Below are a few proposals that may be used in future for integrating functional 
devices with micro fluidic devices. Figure 102 is a conceptual ideal showing an 
application of functional material for micro fluidic devices. The outer surface of the 
micro channels are either fixed with a functional material fabricated by the DIP 
system or manufactured as an integral part of the micro channels. They can be 
sequentially activated resulting in a compression action in different parts of the 
micro channels to demonstrate peristaltic pumping action. This has a potential use 
for pumping high viscous fluid through micro fluidic channels or pulsating dosing of 
fluid in to a stream of another fluid.
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Figure 102: Functionally Active Micro Channel for Pumping.
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Similar design for a sensing application (Figure 103) may contain an obround micro 
channel manufactured from functional material by the DLP system. The pressure 
exerted by the liquid passing through the micro channel tends to change the shape 
of an obround micro channel to circular, resulting in generation of potential in the 
piezoelectric material due to deformation. Measuring the voltage generated while 
deformation can be calibrated for change in pressure in the micro channel. Voltage 
generation at two different points in a micro channel can provide differential 
pressure (pressure drop) in the micro fluidic devices.
Shape After
Radial Prassura
I I 
I I
\\
Liquid Pressure
I
Original Shape
Figure 103: Deforming Channel for Pressure Sensing.
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Functional devices manufactured from the functional materials developed 
by the DLP system can be combined with the micro channels, as shown in 
Figure 104. The outer part, which is shown yellow in colour represents 
micro fluidic channel containing a piezoelectric part that may be developed 
by DLP separately or manufactured with the micro channel, manufactured 
in a single build. The design of the piezoelectric material is such that it 
undergoes a high strain when subject to a force, resulting in the generation 
of a high electric signal from the functional materials. The design of the 
piezoelectric part will be suitable for pressure or volume flow 
measurement.
Figure 104: Integrated Sensing Device in Micro Channel for Pressure / Velocity
Monitoring.
Manufacturing of polymer smart micro reactor may currently look 
ambitious, however, better understanding of various aspects discussed in 
this thesis, along with availability of a wide range of material can bridge the 
gaps for manufacture of functional devices using DLP system.
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Appendix A
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A.l Polymer Cantilever Beam
An investigation was commenced for understanding the behaviour of 
polymer based functional devices. A polymer based cantilever beam was 
manufactured by the DLP system. For development of polymer based 
functional devices, set of experiment was performed to understand 
behaviour of polymer cantilever beam. The influence of different curing 
methods on the beam defection was recorded. Cantilever beam have one 
end fixed, while the other end is free to deflect. The deflection in the beam 
can be calculated using Equation 7.1:
5ma* = “ (7.1)
Where Y is the Young's modulus, F is the force applied, l is length of the 
beam and I is the moment of inertia (Figure 105). Once the deflection of 
the beam is know, the stiffness k can be calculated as:
k = (7.2)
max
Figure 105: Schematic Representation for Deflection of Cantilever Beam Due To Point
Load.
Various micro-cantilever beams were manufactured in standard 
photopolymer R5. All of the beams were manufactured using layer 
thickness of 25 pm. The recommended exposure for each 25 pm layer is
210
3000 ms. However, the current structures were also exposed for 3500 ms 
and 4000 ms to investigate influence of higher exposure on the sensors. 
The beams were 1.1 mm in length, 0.4 mm in width and thickness however, 
varying from 0.2 - 0.5 mm. Optical microscopy of the beams shows that 
improved feature sizes could be obtained for higher exposures i.e. at 4000 
ms as compared to 3500 ms, shown in Figure 106 - 107. The beams 
manufactured at an exposure of 4000 ms were found to have higher surface 
roughness, although the dimensions of the structure is relatively uniform 
along the length of the beam (Figure 108).
@ 3500 ms Exposure
Figure 106: Micro Cantilever Beams Manufactured at 3500 ms.
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@ 4000 ms Exposure
Figure 107: Micro Cantilever Beams Manufactured at 4000 ms.
In order to understand and validate the response of polymer beams, longer 
beams were manufactured at 4000 ms exposure time. These were 8 mm in 
length, 0.5 mm in width and with a thickness varying from 0.05 - 0.5 mm 
manufactured by the DLP system in both, horizontal and vertical directions. 
For longer beams, the surface stress was significant as the beams were 
arched along their length caused by the residual stress from the material 
shrinkage. This effect was prominent for thinner vertical builds, as shown 
in Figure 109. Although, beams with thicknesses up to 0.2 mm were 
successfully manufactured, they were relatively fragile and cracked while 
removing them from the build platform. Beam with larger thicknesses were 
sturdier and exhibited lower curling.
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Figure 108: Optical Microscopy of Cantilever Beams Manufactured at 3500 ms (Top) &
4000 ms (Bottom).
V
Horizontal Build Vertical Build
Figure 109: Optical Microscopy of Cantilever Beams Manufactured in Different
Orientation.
Based on this study, the beam deflection of 0.3 - 0.4 mm thick cantilevers 
was assessed under load. Although, the curling effect in the beam could 
not be completely eliminated, it was however be minimised by pressing 
them during post-processing. Figure 110 shows the residual curling effect
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observed in such beams after curing. Whilst measuring the deflection, each 
beam was clamped and suspended with a 0.1 g weight at the end of the 
beam, shown in Figure 111. The beam deflection was recorded by high­
speed camera, which was capable of recording 10000 frames per second.
Beam Size, in mm : 10 Lx 0.3 T x 2 W Beam Size, in mm : 10 Lx 0.4 T x 2 W
Beam Size, in mm : 16 Lx 0.3 T x 2 W Beam Size, in mm : 16 Lx 0.4 T x 2 W
Figure 110: Curling Effect Observed in Cantilever Beams After Curing.
The high-speed camera output was saved as a video clip. The clip was then 
imported into ProAnalyst software (Xcitex Inc., Unites States of America) to 
dissect individual frames. The software tool breaks the video clip into 
sequential picture frames. The picture frames are pixelated and analysis 
requires two pixels to be selected, representing beam length. One pixel 
remains fixed, while the displacement of the other in consecutive frames 
determines the deflection in the beam.
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/
Suspended
Weight
Figure 111: Typical Arrangement for Beam Deflection Analysis.
Based on the measured data, the deflection in the beams was compared 
with expected theoretical deflection. The Young's modulus of 800 MPa 
reported in 5.3 for the photopolymer was considered for theoretical 
calculation of deflection and stiffness. Young's modulus Y and stiffness k 
were calculated and presented in Table 15 below. It stiffness calculated 
from the experimental deflection (k2) was 10 times greater than theoretical 
calculation (kl). This confirms that the beams cured at atmospheric 
conditions were not perfectly cured. The theoretical Young's modulus (Yl) 
for the beams was considerably lower than the expected (Y2). The variation 
in stiffness observed for theoretical and the experimental deflection were 
noticeably, especially for the 16 mm long beams. The thickness and length 
of the beam also influences resultant stiffness.
215
Table 15: Young's Modulus and Stiffness Observed for The Beams, Cured at Atmospheric
Conditions.
Specimen Length, (mm) Width, (mm) Thickness, (mm) Y1 Y2 Y1/Y2 kl k2 kl/k2
1 10 2 0.3 800 230 3.478 10.935 3.105 3.522
2 10 2 0.4 800 160 5.000 25.920 5.12 5.063
3 14 2 0.3 800 140 5.714 3.985 0.689 5.786
4 16 2 0.4 800 80 10.000 6.328 0.625 10.125
In a separate set of experiment, beams were exposed to UV rays for curing. 
Similar to the method described earlier, the beams deflection measured by 
following the protocol is shown in Table 16. Exposing the polymer beam to 
UV rays has improved the stiffness of the beams. The variation in stiffness 
calculated from the experimental observation was reduced. This is 
however, not evident for 16 mm long beam.
Table 16: Young's Modulus and Stiffness Observed for The UV Cured Polymer Beams.
Specimen Length, (mm) Width, (mm) Thickness, (mm) Y1 Y2 Y1/Y2 Kl K2 Kl/k2
1 10 2 0.32 800 120 6.667 13.271 1.966 6.750
2 10 2 0.32 800 90 8.889 13.271 1.475 9.000
3 10 2 0.26 800 130 6.154 7.326 1.176 6.231
4 16 2 0.42 800 240 3.333 7.325 2.171 3.375
5 16 2 0.34 800 180 4.444 3.886 0.864 4.500
6 16 2 0.33 800 170 4.706 3.55 0.746 4.761
Polymer beams were cured as per the recommended procedure by holding the 
polymer component for 30 min at low temperature of 35 - 45 °C. Experimental 
observations for deflection and stiffness are reported in Table 17. Magnitude of 
Young's modulus and stiffness were similar to observations by UV rays curing. The 
Young's modulus was relatively uniform for all the beams.
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Table 17: Young's Modulus and Stiffness Observed for The Polymer Beams Cured by
Recommended Procedure.
Specimen Length, (mm) Width, (mm) Thickness, (mm) Y1 Y2 Y1/Y2 K1 K2 Kl/k2
1 10 2 0.38 800 140 5.714 22.233 3.559 6.750
2 10 2 0.38 800 180 4.444 22.233 4.124 9.000
3 10 2 0.38 800 180 4.444 22.233 3.707 6.231
4 16 2 0.38 800 100 8.000 5.426 0.669 3.375
5 16 2 0.38 800 170 4.706 5.426 1.138 4.500
6 16 2 0.38 800 200 4.000 5.426 1.339 4.761
Typical deflection behaviour of beam cured by different methods are shown in 
Figure 112 shows the influence of curing technique on the deflection of polymer 
beams. It is clear that the deflection and therefore deflection on the beams cured 
by UV rays was closer to experimental observation plotted for Young's modulus of 
800 MPa. The deflection in the beams curing by heating shows large deflection. 
This may be due to softening of polymer while curing.
------Hot plate drying
------"E= 180"
------Open Air Curing
------Theoretical, E=800 MPa
------UV curing
1.20 --
Q 0.40
Load Applied F, (g)
Figure 112: Graph Showing Deflection Observed for Beams.
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The outcome of this work highlights the challenges associated with polymer-based 
devices. It was evident that the methods used for curing influences the mechanical 
behaviour and hence performance of the devices. Further research is required for 
methods leading to consistent mechanical behaviour and along with influence of 
time dependent properties on the performance.
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